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ABSTRACT 
The o b j e c t i v e  of t h i s  s tudy  i s  t o  c h a r a c t e r i z e  r a d i a t i o n  e f f e c t s  on 
eng ineer ing  p r o p e r t i e s ,  dimensional s t a b i  l i t y ,  and chemis t ry  on s t a t e -  
o f - t h e - a r t  composi te  systems. Th is  i n v e s t i g a t i o n  used T300/934 graph- 
C .  
i te-epoxy composi te  t h a t  was sub jec ted  t o  1.0 MeV e l e c t r o n  r a d i a t i o n  f o r  
. a  t o t a l  dose o f  1.0 x  1 0 ~ '  fads a t  a r a t e  o f  5.0 x 10' rads lhour .  Th is  
s imu la tes  a  worst -case exposure equ i va l en t  t o  30 yea rs  i n  space. 
2 
Mechanical  t e s t i n g  was performed on t h e  4 -p ly  u n i d i r e c t i o n a l  ldmi  - 
nates over  t h e  tempera tu re  range  o f  -250°F (116K) t o  +250°F (39410. A 
\ 
complete s e t  of i n - p l a n e  t e n s i l e  e l a s t i c  and s t r e n g t h  p r o p e r t i e s  were 
ob ta i ned  ( E l ,  €2, v12, G12, XT, YT, and S ) .  I n  a d d i t i o n  e l e c t r o n  micro-.  
scopy was used t o  s tudy and ana lyze  t h e  f r a c t u r e  sur faces o f  a l l  spec i -  
men% tested.  Resu l t s  i n d i c a t e  t h a t  1  i e t l e  d i f f e r e n c e  i n  p r o p e r t i e s  i s  
n o t &  a t  room teniperatur-e, b u t  s i g n i f i c a n t  d i f f e r e n c e s  a r e  observed a t  
both low and e l e v a t e d  temperatures. 
Dyriamic-mechani ca1 a n a l y s i s  (DMA) showed t h a t  t h e  y l  ass - t r ans i  t i o n  
temperaiure, of  t h e  epoxy m a t r i x  was l o w e r 4  by over  1OU0F (56K) a f t e r  
be i ng  i r r a d i  ztcd. Thrrnlomechanical a n a l y s i s  (TMA) dernonstratcd t h a t  
v o l a t i  1  e produc ts  a r e  produced upon h e a t i n g  t h e  i r r a d i a t e d  m a t e r i a l .  
These degrada t ion  p roduc ts  were analyzed by i n f r a r e d  spectrophotomc-try 
and mass spect rometry ,  and found t o  be  low mo lecu la r  wc ' gh t  i n a t c r i a l  
produced by polynier cha in  s c i 5 s i o n  and c ross1  i n k  breakage. 
I n  conc lus ion ,  e l e c t r o n  r a d i a t i o n  a c t s  t o  produce low mol ecul  a r  
we igh t  m a t e r i a l  i n  t h e  epovy r*esi n ma t r i x .  These degrada t ion  p roduc t s  
p l a s t . i c i z e  t h e  epoxy a t  cl evsted ten~per'atures and e m b r i t t l  e  i t  a t  low 
t n v p e r i t t ~ ~ ~ e s .  Theref ore, cornposi t c  mechani c.al p r o p e r t i e s  a r e  a1 te red .  
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The u s e  o f  f i b e r - r e i n f o r c e d  composi t e  m a t e r i a l s  as e f f i c i e n t  h i q h  
per'iormarrce s t r u c t u r a l  mat.eri a1 s  has g r e ~ t l y  i n c reased  i r recen",ear6s. 
The g r e a t  advantage of t hese  m a t e r i a l s  i s  t h e i r  s u p e r i o r  s t r e n g t h  t o  
we igh t  and s t i f f n e s s  t o  we igh t  r a t i o s .  Ti,is make; composites i des1  f o r  
u s e  i n  a p p l i c a t i o n s  where h i g h  s t r e n g t h  and l i g h t  v e i  y h t  a r e  im9o r t an t .  
Therefore, aerospace apr>l i c a t i o n  has ope o f  t h e  1  a r g e s t  p o t n n t i  a1 uspi 
o f  composi te  ma te r i a l s .  
Use o f  colnposi t e s  i n  a i r c r a f t  can p r o v i d e  wei j h t  r educ t i ons  ove r  
meta l  designs. Th is  sav i ng  can b e  p u t  t o  work by i n c r e a s i n g  t h e  range, 
payload, maneuverab i l i t y ,  arrd speed of an a i r c r a f t  o r  by s imp l y  r e d u i . \ ~ g  
-i' 
,n i t s  f u e l  consumption, Another- advantage of t nese  1~1a t~ r . i  a1 s  i s  the  a:,i 1  - 
i t y  f:o t a i l o r  f i b e r  o r i  c n t a t i o n s  t o  meet s p e c i f i c  l o a d  anA sL.iffnr?ss 
r equ i  rement;s, thus des i gn i ng  rn; l ter ials for. i n d i  v i d ~ a l  a p p l i c a t i o n s ,  I t  
i s  a l s o  p o s s i b l e  t o  f a b r i c a t e  complex p a r t s  i n  one o p c r a t i  on, r educ i ng  
secondary assernbly r equ i  remenls. 
Most enphasis o f  f i b e r - r e i n f o r c e d  composites has been i n  a i r -  
c r a f t .  However, spacec, .ift a r c  h i g h  on t h e  l i s t  o f  w e i g h t - c r i  t ic;, l  
s t r u c t u r e s  and car1 benet i t  g r e a t l y  by their .  use, Nuhhere e l s e  i s  
weight ,  coup1 ed w i t h  t1.i gn performance, st1c1.t a  c r i  t i  ca1 r q u i  rw len t .  
Advanced f i b e r - r e i  n f  o r ccd  composi tes  a r e  i d e a l  for. use i r~ spdce appl  i ca- 
ti ons. 

honeycomb sdndwi ch sk i ns  on t,he o r h i  t a l  maneuveri ng system and t i  taniuir l  
I-beams and tlrbes r e i n f o r c e d  w i t h  boron-epoxy i n  t h e  a f t  t h r u s t  s t r u c -  
tu re .  The o t h e r  n o t a b l e  composi te  a p p l i c a t i o n s  on t h e  S h u t t l e  a r e  t h e  
. - 
pay load  bay doors. These a r e  t h e  1 arges t graph i  te-epoxy s t r u c t u r e s  ever  
b u i l t  [21. The doors a r e  each 18.3 m e t r r s  (60 f e e t )  l o n g  w i t h  a t r a n s -  
ve r se  a rc  l e n g t h  o f  4.6 laeters (15 f e e l ) .  Door panel s k i n s  a r e  graph- 
i te-epoxy f a b r i c  a n 3  t a p e  yheets  over  a honeycomb core. 
Gt-ap.,~ te-epoxy i s  a1 so be i ng  used i n  t h e  main suppo r t  t r u s s  s t r u c -  
l c r e  o i  N R S A ' S  Space i i ! e s c o p e  (F ig .  2 )  i31. This  i s  .a p r i l na ry  s t r u c -  
tu re .  The Spact. Te l  cscopc i s  due t o  b e  p l a c & ' i  n o r b i t  i n  1986. Pro-  
,~osw 1 a q e - s c a l  e space antcnnas and coimnunicati ons sa te1  1 i tes  as we1 1 
ns 1 arge-sca: e space p l  atfon:15 (up t o  1UU meters  i n  d i  amcter*) w i  11 u s e  
r s raph i  te-epoxy colnposi t es  C4,bI. Now t h a t  t h e  Space S t a t i o n  i s  beco~l l i  ng 
a r e a l i t y .  graphi  te-epoxy suppo r t  t r usses  a r c  he i  ng cons i  dc red  i n  many 
of t h e  proposed des igns c u r r e n t l y  under rev ie id  [ti]. 
1.2 The Space Envi ronnient 
The success o f  space e x p l o r a t i o n  and e x p l o i t a t i o n ,  u s i  ng composi ' te 
m a t e r i a l s ,  r e s t s  i n  t h e i r  a b i l i t y  t o  \t i t h s t a n d  a h o s t - i l e  space env i r on -  
ment. I n  an a lmost  p e r f e c t  vicuum, t h e  c o l d  o f  space coupled w i t h  
r a d i a n t  s o l a r  hea t i ng  e f f c c i s  can l ead  t o  a w i d e  r-dnge o f  o p e r a t i n g  t rm -  
pera tu rcs .  Temperature? c y c l i n g  w i  11 occur  every  t i m e  t h e  space s t r u c -  
t u r e  o r b i t s  t h e  ear th .  
I n  add i t i on ,  a space s t r u c t u r e  ~i 11 be  sub jec ted  t o  u l  t r a v i  01 e t ,  
e l  ec t ron ,  dtid p ro ton  i r r a d i  a t i o n .  U l  tl.n\l i u l  et  i s  e l  ectr-omagrieti c r a d i  a- 
. , 














f rom t rapped  p a r t i c l e s  i n  t h e  e a r t h ' s  Van A l l e n  r a d i a t i o n  b e l t s .  U l t r a -  
v i o l e t  and p r o t o n  r a d i a t i o n  wi 11 o n l y  a f f e c t  t h e  s u r f a c e  o f  a space- 
e ra f  t, b u t  e l e c t r o n  r a d i a t i o n  w i l l  be  h i g h l y  pene t ra t i ng .  A summary o f  
t hese  c o n d i t i o n s  i s  p resen ted  i r r  Tab1 es I and 2 C7,8]. The column 
headed GEO (Tab le  1 )  i s  a  l i s t i n g  o f  c o n d i t i o n s  t h a t  a  spacec ra f t  i n  
geosynchronous e a r t h  a r h i  t would have t o  w i ths tand .  The hedding LEO 
des igna tes  low e a r t h  o r b i t  cond, i t ions.  
I n  o rde r  t o  u t i l i z e  g raph i te -epoxy  coinposi t e  m a t e r i a l  i n  space, t h e  
e f f e c t  o f  t h e  above c o n d i t i o n s  on i t s  m a t e r i a l  p r o p e r t i e s  must b e  
i n v e s t i g a t e d .  Composites w i l l  be used i n  f u t u r e  space s t r u c t u r e s  w i t h  
l i f e - t i m e s  of 1U-20 yea rs  [Y].  A  key m a t e r i a l s  technology need i s  t h e  
<' a b i l i t y  t o  understand how f i ! ) e r - r e i n f  o rced  ma te r i  81s wi  1 1  beliav@ under  
such harsh  condi t i s n s  f o r  l o n g  pe r i ods  o f  t ime. The two most severe  
parameters o f  t h e  space cnv i  ronliient a r e  i t s  tempera tu re  extre;nes coup led  
w i  t h  thtb h i g h l y  p e n e t r a t i n g  e l e c t r o n  r a d i a t i o n .  Therefore,  t hese  two 
c o n d i t i o n s  wi  11 he t h e  psqirnary t h r u s t  o f  t h i s  study. . 
1.3 Il-ti ve  o f  Present  2 t . d ~  
I t  i s  t h e  o b j e c t i v e  o f  t h i s  s tudy  t o  c h a r a c t e r i z e  r a d i a t i o n  e f f e c t s  
on eng ineer ing  p r o p e r t i  es, d imensional  s t a h i  1  i t y ,  and chemis t ry  o f  
s t a t e - o f - t h e - a r t  composi te  systeras. 
The rnater i  a1 chosen f o r  t h i s  s t udy  i s  T3UUIY34 g raph i  te-epoxy 
f i  b e r - r e i n f o r c e d  composi te  material. T h i s  composi te  systeoi i s  one o f  
t h e  f w desi  ynated as "space-approved" by NASA. The des i gna t i on  
T3UU/Y34 i n d i c a t e s  t h a t  the  cjraphi t e  fi bc rs  a r e  Thornr2l (Urrion Ca rb i de )  
T3UO f i b e r s  i n  a  m a t r i x  cons . i s t ing  o f  F i b e r i  t e  934 epoxy r es i n .  These 
Table 11 
Parameters sf the Spnee Enu4rossi~ent. 
Environmental GSO 
parameter Composite s t r u c t u r e  
a/€ - s e l e c t i b l e  
p r o p e r t i e s  w i t h  E < 0.3 
Temperature -148 '~  t o  1 7 6 ' ~  173K t o  3 5 3 ~  
E l e c t r i c a l  
c o n d u c t i v i t y  C c l r 3  (ohm-l-cm-'1 -. -v 
L i f e t i m e  10 t o  20 years 
Manned h a b i t a t  I 
a l e  sel e c t i  bl e 
w i t h  E > 0.8 
- 
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g raph i  t e  f i b e r s  are produced by carboni  z i n g  h i  gh modulus o r g a n i c  p re -  
cu r so r s  (Po ly -Acry lon i  t r i  1 e, PAN)  a t  h i g h  temperatures i n  an i n e r t  
atmosphere [ lo].  The epoxy r e s i n  i s  a  t h e r ~ a o s e t t i n g  polymer b i n d e r  t h a t  
cu res  a t  350°F. Cured epoxy r e s i n s  a r e  very  h i g h l y  c r o s s l i n k e d  s t r u c -  
t u r e s  [ lo].  
The r a d i a t i o n  exposure used i n  t h i s  i n v e s t i g a t i o n  i s  l .U x  10" 
rads  o f  e l e c t r o n  i r r a d i a t i o o  w i t h  energ ies  o f  1.0 MeV and a dose r a t e  o f  
7 5.U x  1U rads  p e r  hour. Th is  wi 11 s i m u l a t e  a "worst -case"  exposure of  
, /'" 
30 y e a r s  i n  space [7]. Grea t  c a r e  has been taken t o  assure  t h a t  t h e  
t e s t  specilnens d i d  n o t  overhea t  d u r i n g  t h e i  r accel  e ra ted  i r r a d i  a t  i o n  
exposure. T e s t i n g  and c h a r a c t e r i z a t i o n  covers t h e  t m p e r a t u r e  range o f  
-250°F (116K) t o  +2'5U°F (3Y4K). Th is  range  rep  r esen t s  t h e  temp@ratu re  
extremes t h a t  may be  encountered irr  a  space environment [7], 
A coalpl c7te t e n s i  1 e s e t  o f  engi n e e r i  ny cons tan ts  has been ob ta ined  
t o  f u l l y  c ' i a r a c t c r i  z e  t h e  i n-p? anc cl a s t i  c  and s t r e n g t h  p r o p e r t i  es o f  
t h e  graphi  te-epoxy cornpos.i te.  These i n-p lane  t e n s i  1  e  p r o p e r t i  es have 
been c o l l e c t e d  over  t h e  above temperatur-e range f o r  b o t h  t h e  n o n - i r r a d i -  
a t ed  and i r r a d i  a ted  lani i  nates. Most i m p o r t a n t l y ,  t e s t s  have been con- 
.--. ducted t o  u n d w s t a n d  how e l  ec t r on  r a d i  a t i o n ,  i n  comb ina t ion  wi t h  tm i y  c r -  
a t u r c  has a f f e c t e d  and changed t h e  colnposi t e ' s  p r o p e r t i e s .  I n  a d d i t i o n ,  
- ,  
.% 
a  mcctianism has been proposed t o  d e s c r i b e  t.he degrading e f f e c t  o f  t h o  
e c t i v e :  Yo c h a r a c t e r i z e  r a d i a t i o n  e f f e c t s  on eng inee r ing  
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I I. LI TERATUliE REVIEW AND AMA1.Y T ICAL  CIIRSILIERATIONS 
/ A survey of t h e  l i t e r a t u r e  d e a l i n g  w i t h  r a d i a t i o n  e f f e c t s  on v a r i -  
ous composi te  systems was conducted and i s  p resen ted  i n  s e c t i o n  2.1. 
The composi te  m a t e r i a l s  used i n  t hese  s t u d i e s  a r e  l i s t a d  a l ong  w i t h  t h e  
t e s t i n g  techniques employed. Spec ia l  a t t e n t i o n  was g i ven  t o  n o t i n g  t h e  
r a d i a t i o n  f a c i  li t i  es used, and a summary i s  given. The conc lus ions  
s t a t e d  a r e  t h e  o p i n i o n s  of t h e  au thor ,  un less  o the rw i se  s ta ted .  
1 
A d i scuss i on  o f  t h e  t e s t i n g  lnethods used i n  t h i s  i n v e s t i g a t i o n  i s  
p resen ted  i n  s e c t i o n  2.2. Th is  i t ic ludes mechanical  and dynan~ic-mechani -
c a l  c h a r a c t e r i z a t i o n .  Spec ia l  d e t a i  1 i s  g i ven  i n  desc r i  b i n y  t h e  10' and 
46' o f f - a n i s  mechanical  t ens i on  t e s t s  ( s e c t i o n  2.2.1). The theory  o f  
dynaini cs-mechani c a l  a n a l y s i s  (FHA) i s  a l s o  d iscussed  ( s e c t i o n  2.2.2). 
The f i n a l  sect ic jn  o f  t h e  l i t e r a t u r e  rcviw dea ls  w i t h  t h e  e f f e c t  o f  
r e s i d u a l  s t r esses  and f i b e r  waviness on t h e  modulus o f  e l a s t i c i  t y  (sec -  
t i o n  2.3). The r c l e  of r e s i d u a l  s t r e s s  i s  very impo r t an t  i n  any d iscus-  
. , s i o n  o f  mechanical chara .  t c rSza t i on .  Res idua l  st t -esses a f f e c t  t h e  
-. 
,/' 
degree o f  f i b e r  waviness ni t h i n  a  cornposi t e  wh ich  i n  t u r n  has an e f f e c t  
,/. 
on t h e  modulus o f  e l  a s t i  c i  t y  o f  t h a t  composi t e  r ~ i a t e r i  a1 . 
/ 
I 




A s tudy e n t i  t l  c-d, "Advanced Colnposi t e  Design Uata f o r  S p a c ~ c r a f  t 
S t r u c t u r d l  A p p l i c d t i o n s "  was prepared and p resen ted  i n  1980 by J. F. 
Hasltins and K. D, Holrnes, a t  General Dynamic's Convai r  D i v i s i o n ,  f o r  t h e  
U.S. A i r  Force  111,121. The two composi te  nysteina cliosen f o r  t h i s  s tudy  
were T3UO/934 and 
r' 
They s t a t e  t h a t  t h e  'r300/'434 
10 
s y s t e n  
s e l e c t e d  because i t  i s  t h e  most w i d e l y  used m a t e r i a l  f o r  h i g h - s t r e n g t h  
a p p l i c a t i o n s ,  GY7O/X3U i s  t h e  most w i d e l y  used m a t e r i a l  f o r  h i g h - s t i f f  - 
ness and t he rma l l y  s tab1  e a p p l i c a t i o n s .  Bo th  o f  t hese  i l l a t e r i a l s  use  
35U0F-cure epoxi es. 
Haskins and Holrnes r e p o r t e d  on specimens c u t  frorn 12-p ly  u n i d i  rec -  ) 
t i o n a l  panels  f o r  t e n s i o n  t e s t s  and 24-p ly  pane ls  f o r  compression 
t es t s .  I n  add i t i on ,  16 -p ly  [0/15/90/13532S 1 ami n a t e  specimens and 20- 
p l y  [0/45/0/135/0]2s l a m i n a t e  specimens, as we1 1 as short-beam shear and 
r a i  l - shea r  specimens, were produced. Some of t h e s e  sarnpl es were exposed 
*-. 
t o  va r i ous  amounts o f  e l e c t r o n  r a d i a t i o n .  Four  r a d i a t i o n  dose l e v e l s  
r: 7 8 9 were used f o r  t h i s  s tudy  (3  x 10 rads, 3 x 10 rads, 3 x 10 rads, and 
. ., 6 x l o 8  rads) .  The au thors  do n o t  s i t e  t h e  energy l e v e l  o r  dose r a t e  o f  i 7  
t h e  e lec t rons ,  o n l y  t h a t  they were high-energy e l e c t r o n s  and t h a t  a 
c o o l i n g  p l a t e  was r q u i  r e d  f o r  t h e  specimens du r i ng  i r r a d i  a t i o ; ~ .  A f t e r  
i r r a d i  a t i  on, n~echani c a l  t e s t s  were performed ove r  t h e  tempera tu re  r l jnge 
* .- 
o f  -300'F (89K) t o  +25U°F (39410. The u r t i d i  r -ec t iona l  and l am i t t a t e  
specimens were s t l b j ~ c t e d  t o  bo th  t e n s i o n  and co~npress ion  t e s t s .  No 
u n i d i r e c t i o n a l  o f  f - a x i s  t e s t s  were perform&, 
Haski ns ant1 Holmes conc lude  t h a t  changes i n  mechanical  p r o p e r t i  eS 
due t o  e l e c t r o n  r ad i a t i . on  were sma l l ,  except  a t  h i g h  temperatures. They 
a t t r i b u t e  t h e  d i f f e r e n c e ,  at: h i g h  temperatures, f o r  b o t h  t e n s i  1 e and 
shear t e s t s ,  t o  lowered g l ass - - t r ans i  t i o n  temperatures i n  t h e  epoxy r e s i n  
(which were a l s o  measured). They yo on t o  say t h a t  t h e r e  may be  some 
i n d i c a t i o n  t h a t  t h e  l owe r  r ad i a l , i on  1 eve l s  may even i irrprove mechanical  
p r o p e r t i e s ,  bk:t were d t  a l o s s  t o  e x p l a i n  wliy. T4e authors  sunad r i ze  by 
s t a t i  rig t h a t  t h e  e f f e c t s  o f  cross-1 i nl(i ny, 1 oad t r a n s f e r  between F i b e r  
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and res i n ,  and f l e x i b i l i t y  o f  t h e  r e s i n  were n o t  i n v e s t i g a t e d  and f u r -  
t h e r  s t u d i e s  c o u l d  p r o v i d e  ways o f  imp rov i ng  p r o p r r t i  cs. 
I n  1982, V. T. Mazzio e t  a1 ., from General E l e c t r i c ,  generated a 
s tudy  e o t i  t l  cd, "Composite Data f o r  Spacecraf t , "  [13,141 t o  f o l l o w - u p  
t h e  work done by Haskins and Holmes. Th is  program was a l s o  suppo!-ted by 
t h e  U.S. A i r  Force. They s t a t e  t h a t  t h e  prograrn was des igned t o  gener- 
a t e  an advanced composi t c  m a t e r i a l s  da ta  base t o  suppor t  t h e  des ign  and 
a p p l i c a t i o n  o f  l i g h t w e i g h t  s t r u c t u r e s  f o r  spacecraf t .  F i v e  new rnater- 
i a l s  were s e l  acted f o r  s tudy :  C3UOUICE339, P75/CE339, CSUOU/PNR-15, 
T30U/1700, and Kevl a r  49/5209. T3UUIP34 and tiY7UIX30 were n;t s e l  ected 
because they had been s t u d i e d  by Haskins and Holmes, 
T e n s i l e  sampl es were c u t  f roln compos i te  panels  w i t h  t h e  f o l l o w i n g  
,('- o r i  en ta t i ons :  u r ~ i d i  r e c t i o n a l  , [O/9U]s, CU/43/9U/135Is, [?.451s, and 
C0/45/0/13b/UIs. Three 1 eve1 s of e l e c t r o n  heani r a d i  a t i  on were s r  ed t o  
8 expose t h e  corriposite specimens t o  t h e  space env i ronnen t  ( 3  x 10 I-ads a t  
, --. 8 22'C, 3 x 1U rads a t  10U°C, and 3 x 109 rads a t  22OC). The e l e c t r o n  
beam was generated w i t h  a Van de  Graaf f  a c c e l e r a t o r  w i t . .  a nominal 
e l e c t r o n  energy of 2.0 Mead. Specilnens were exposed t o  a h i g h  dose r a t e  
o f  1.0 x l o 7  r a d s l h r  and a low dose r a t e  o f  5.11 x 1u6 r a d s l h r .  A key 
f e a t u r e  of t h e i r  exposure f a c i l i t y  was i l s  t e s t  specimen r o t a t i n g  
drurn. Th is  "ca rouse l "  p rov i ded  an ever1 rnd i  < i t i o n  exposure whi 1 c a1 so 
a1 l ow i  ng f o r  excel 1 en t  hea t  d iss ip i i t . i on .  Kechanica l  da ta  were ob ta i ned  
f r o m  a x i a l  and t r ansve rse  lnechanical t e s t s  i n  b o t h  tens o n  and compres- 
s ion .  I n - p l a n e  shear ( i 4 5 )  specinlens (ASIM-9 3518-70) were a l s o  t p s t c d  
Cl5,163. Tes is were perfornled over  t h e  t n n p ~ r a t u r r  rdnqe o f  -3U0°F 
( 8 % )  t o  +250°F (394K).  
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Mazzio e t .  a1 . observed t h a t  t m s i  1 e and coinpressi on s t r e n g t h s  
increase! as a r e s u l t  o f  low and h i g h  dose r a t e  exposure. They a t t r i b u t e  
, t h i s  r e s u l t  t o  a  p o s t - c u r i  ng e f f e c t  o f  t h e  r e s i n ,  but da n o t  s u b s t a n t i  - 
d I / 
a t e  t h e i r  conc lus ion.  I t i s  s t a t e d  t h a t  modulus va lues appear t o  va ry  
as a f u n c t i o n  o f  f i b e r  voluniz f r a c t i o n .  They observe and conc lude  t h a t ,  
f r o m  'sn-plane shear p r o p c r t i  es behavior ,  a  f l  ex i  b1 e enoxy r e s i n  system 
such as CE399 has p o t e n t i a l l y  a  b e t t e r  chance o f  su imv iva l  i n  t h e  space 
environment over  a l o n g  l i f e  per iod .  Long exposures would n o t  r i g i d i z e  
t h e  r e s i n  systems t o  t h e  e x t e n t  o f  caus ing  mic roc racks  and subsequent 
p r o p e r t y  degradat ion.  
A 1as8ye amount o f  work has been done a t  N o r t h  C a r o l i n a  S t a t e  Uni - 
v e r s i  ty i n t h e  area o f  h i  gh energy e l  cc tron e f f e c t s  on gtqaphi t e  f i b e r  
,P composites [17,18,19,20,21,22:1, G r a p h i t e  f i b e r s  i n  b o t h  an epoxy m a t r i x  
and n p o l y i m i d e  m a t r i x  were i r r a d i a t c d  w i t h  U.5 MeV e lec t rons ,  The 
colnposi t e  systems i n v e s t i  gated were T3UU/S206 and C6110U/PMK-15. 
San~pl es were i r r a d i  a t c d  u s i  nrj an e l  ec t r on  a c c e l e r a t o r  p roduc i ng  U.5 
MeV e lec t rons .  The r ~ e c i m e n s  were mounted on a  moving conveyor f o r  an 
even exposure and t o  p reven t  sampl c h e a t i n g  induced by t h e  r a d i a t i o n ,  
The composi te  sempl es r ece i ved  a  t o t a l  dose o f  up t o  5.0 x  10' rads. d 
dose ra te .  i s  n o t  s ta ted .  Mec i~an i ca l  p r o p e r t i  es ( s t r e n g i h  and f l e x u r a l  ' 
modulus) were measured by u s i n g  a three- .po in t  f l e x u r e  tesc ,  AS'M rnethod 
1 D-790 [23]. Saniples used i n  t h i s  t e s t  were un ' id i r .ec t i c ia1  ( a x i a l  and 
t r ansve rse ) ,  [O/f45/!:]T, and C90/8'15/901T. I n t e r l a m i n a r  shear s t r e r l g t h  
,/ .- I t e s t  specimens were " a b r i c a t e d  accord ing  t o  ASTM method D-3846 1241, 
' I  
i Ttiesc. u n i d i r e c t i o n a l  :;amp1 cs were,  however, p u l l e d  'l t i  t ens i on  which does 
, samples b e  t e s t e d  -in com$ression. A l l  t e s t s ,  b o t h  f l e x u r a l  and i n t e r -  
l aminar ,  were r un  a t  room t w ~ p e r a t u r e .  
The N o r t h  Ca ro l i na  S t a t e  group p o i n t s  o u t  t h a t  i n t e r l a m i n a r  shear 
s t r e n g t h  decreases s i g n i f i c a n t l y  w i t h  r a d i a t i o n  dosage, whi 1  e li ttl e  
change was observed i n  t h e  f 1  exgra l  s t r e n g t h  and modulus. I n t e r l a m i  nar* 
shear measurements exhi1.i t an i n i t i a l  i n c r e a s e  i n  shear s t r e n g t h  w i t h  a  
9 9 maximum v a l u e  o c c u r r i n g  between 1.0 x  10 and 2.0 x  10 rads. Th is  i s  
f o l l o w e d  by a  decrease w i t h  f u r t h e r  r a d i a t i o n  exposure. They conc lude  
t h a t  t h e  i n i t i a l  i n c r e a s e  i n  s t r e n g t h  wi t h  r a d i a t i o n  exposure i s  proba-  
b l y  due t o  r e l a x a t i o n ,  by cha in  cleavage, of i n t e r n a l  seresses c rea ted  
a t  t h e  i n t e r f a c e  d u r i n g  cornposi t e  f a b r i c a t i o n .  A f t e r  t h e  i n t e r n a l  
s t r esses  a r e  r e l i e v e d ,  f u r t h e r  r a d i a t i o n  exposure i ezds  t o  bond degrada- 
r t i o n  near t h e  i n t e r f a c e  due t o  chair !  sc isson ,  and thus t h e  decrease i n  
i i n t e r ' l  ami n a r  shear s t r eng th .  Flexut.al s t r e n y t h  and modulus, measured lry 
t h e  t h r e e - p o i n t  bend t e s t ,  however, do n o t  e x h i b i t  any c h a r a c t e r i s t i c s  
o f  t h i s  bet av i o r .  
I t  i s  impor tan t  t o  n o t e  here  t h a t  unpub l i shed  work per formed a t  t h e  
NASA-Langley Research Center  by ti. F. Sykes i n d i c a t e s  t h a t  t h e  i n t e r l a m -  
i nar  shear specirnen (ASTM-U-3846-79) under  tens! 1  e  l oad  produces a  
" pee l i ng "  rnonlent a t  t t i e  spec in~en 's  notches. Th is  w o u l t l  adverse ly  a f f e c t  
t h e  t e s t  by p roduc ing  a  non-pure shear s t r e s s  s t a t e .  I n t e r l a m i n a r  t e s t s  
/ on composi te  specimens, r u n  a t  NASA-1.angl ey i n  t h e  colnpression mode, 3 i  d  
, n o t  exhi b i  l: s i g n i f  i c i t n t  changes w i t h  i r r a d i a t i o n .  
I 
I. B, Fogda l l  and P.  11. 1-indenineyer a r e  wo rk i ng  w i  t i1  q raph i  tc -epoxy 
a t  Boeing i n  Sea t t l e ,  kash i  v g t o n  C251. The ina te r i  a l s  b e i n g  i n v e s t i g a t e d  
a r e  C3U0011634A (3SU°F-cure epoxy ) , C301iU/l.b4UA (%SU°F-cure epoxy ) , and 
1'- 
C30UU/PMH-15 (po ly im ide) .  They a r e  u s i n g  1.0 MeV e l ec t r ons ,  generated 
w i t h  a  Van de  t i raaf f  accc l e rd to r ,  v r i  t h  a t o t a l  dose o f  up t o  1.0 x lolo 
8 rads. The composi te  samples r e c e i v e  1 - 0  x 10 r a d s l h r  and a r e  coo led  
w i t h  a  baseplate. 
Mechanical  t e s t i  ny i s  be i ng  performed u s i  rig a 45" -o f f  a x i s  compres- 
s i o n  t e s t  and dynami c-mechani ca l  a n a l y s i s  (DMA) equipment mariuf ac tu red  
by DuPont. Dynami c-mcchani c a l  ana l ys i  s  i s  t h e  mcrdsurernent o f  t h e  mech- 
a n i c a l  p r s p e r t i  es of m a t e r i a l s  as they a r e  deformed under p e r i o d i c  
s t r e s s  C26,271. DMA rneasures t h e  changes i n  t h e  resonant- f requency o f  
t h e  t e s t  m a t e r i a l  over  a  ve ry  l a r g e  tempera tu re  range  (-300°F t o  
+5U0°F). F r o ~ n  t h i s  i n f o r m a t i o n  t h e  m a t e r i a l ' s  modulur; o f  e l a s t i c j t y ,  
ove r  t h a t  tempera tu re  range, i s  c a l c u l a t e d ,  as hell  as t h e  g l ass - t r ans -  
/ .  i t i o n  temperature of t h e  po lymer m a t r i x  ( f  rorn !.he ddmpf rig c h d r a c t w -  
i s t i c s  o f  t h e  t e s t  m a t e r i a l  ). 
Boeing r e p o r t s  t h a t  t h e  4S0-of f  a x i s  co~npress ion t e s t  carl detoct  
t h e  i n f l u e n c e  o f  e l e c t r o n  r a d i a t i o n  a t  t h e  1.0 x  1~"' rad  dose l c v c l  
w i t h  a  95% con f i dence  l eve l .  Compressive s t r e n g t h  ' ; lowered hy i r r a d -  ' 
i a t l on .  I n  addi ti Jn, UMA measu ren~  .s show t h a t  a  1.0 n 10~ '  r a d  dosage 
o f  1.0 MeV e l e c t r o n  r a d i a t i o n  has t h e  e f f e c t  of decreas inr ;  t h e  g lass -  
t r a n s i t i o n  temperature of t h e  epoxy l n a t r i x  mate,-ia?. No mechsnis~n i s  
s t a t e d  t o  ev3la- in t h i s  phenorncnon. 
A t  t h e  tockheed Research I - a b ~ r a t o r y  i n  Pa lo  A'ltc, C a l i f o r n i a ,  K.. E. 
Mauri  and F. W. Crossman a r e  work ing  \ v i  t h  T50(P>.N)/F2..3 (35U0f'-cure 
epoxy), 75S(PI TCH)/948 (250°F--cure epoxy), and Kevl a r -  4Y/E719 [28j. 
They a r e  p roduc ing  1.5 MeV electrons a t  t h e  r a t e  of 1.5 x 10' rads/hr ,  
f 





1 ~ "  rads. Mechanical  p r o p e r t i e s  a r e  mehsured u s i n g  t h e  f l e x u r e  
s t r e n g t h  t e s t ,  i n p l a n e  shear t e s t ,  and short-beam shear t e s t  over  t he  
ten lperature range o f  -20U°F ( l 43K )  t o  +25U°F (394K). 
T h e i r  r e s u l t s  i n d i c a t e  t h a t  t h e  25U°F and 35U°F c u r i n g  graph- 
i te /epox ies  a r e  n o t  s ' g n i f i c a n t l y  a l t e r e d  e x c q t  a t  t h e  h i g h e s t  t s s t  
tempera tu re  (+25U°F), where t h e  35U°F c u r i n g  epoxy systems exper ienced a 
degrada t ion  o f  matr ix- t lependorrt  p r o p e r t i e s  o f  up t o  20 percent .  l l a u r i  
and Crossman a t t r i  b g t e  t h i s  degrada t ion  t o  t h e  r e d u c t i o n  i n  g l ass - t r ans -  
i t i o n  tempera tu re  o f  t h e  m a t r i x  because o f  c h a i n  sc i s son  o f  t h e  epoxy by 
t h e  p e n e t r a t i n g  r a d i  a t i on .  
A s tudy  was conducted a t  t h e  Argonne Na t i ona l  Labora to ry  i n  
Argonne, I l l i n o i s ,  by S. Egusa ,  M. A. K i r k ,  R ,  C. U i r t c l i c r ,  M. Haglwara, 
and 5 ,  Kawani s k i  , on c l o t h - f  i 1 l ed organi  c co~nposi t es [291. Four types 
o f  c l o t h - f  i 11 ed o rgan i c  composi ees ( f  i 1 1  ctr: g lass  o r  carbon f i b e r s ;  
m a t r i x :  ~ ~ p o x y  o r  [ )o ly imf  d e  r e s i n )  were i r r a d i a t e d  w i t h  2.0 MeV e l ec -  
t r ons ,  a t  room temperature, and were :nechanic.ally examined u s i n g  t h e  
t h ree -po i  n t  bend t e s t .  
They su~n~nar ize  by s t a t i n y  t h a t  f o l  l o w i  11g i r r a d i a t i o n ,  t he  modulus 
o f  e l  a s t i  c i  t y  o f  t hese  coniposi t e s  r m a i  ns p r a c t i  csl l y  unchanged, even 
a f t e r  i r , . ad i a t i on  o f  up t o  1.5 x 10IU rads.  The shear modulus and 
u l t i m a t t t  s t r eng th ,  on t h e  o t t ~ e r  hand, beg in  t o  decrease a f t e r  t h e  
9 absorbed dosc reaches about 2.U x 1U rads  f o r  t h e  g lass lepoxy  co~! lposi t t :  
and about 5.0 x l o 9  t o  1.0 x 10" rads f o r  t h e  o t h w  composites. The) 
a t t r i b u t e  t h i s  change t o  t h e  d ~ c r e s s c  i n  t h e  c a p s c i t y  o f  lload t r a n s f e r  
f r o 3  t h e  m a t r i x  t o  t h e  i i ber dge  t o  t h e  r a d i a t i o n - i n d u c e d  debondinq a t  
t h e  i n t e r - f dcc .  
h.. 
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Work done by C. G i o r i ,  T. Yamauchi, K o  Rajan, and 11, M e l l ,  a t  t h e  
b 
l l T  Research I n s t i t u t e  i n  Chicago, I l l i n o i s ,  i s  co~ l ce rned  w i t h  t h e  
deg rada t i  on mechani slns f o r  graphi  t e l p o l y s u l f  one and t l raphi  te /epoxy 
1 am1 nates  expos.& t o  h i  gh-energy e l  ec t r an  r a d i  a t i  on [30]. The graph- 
i te /po l ysu l f one  i y s t ~ l  used was C(iUUU/Pl7OU and t h e  g raph i  te/epoxy 
systems were T300/934 and T300/5208. 12.0 MeV e l ec t r ons ,  a t  t h e  r a t e  o f  
7 3.9 x 10 rads l h r ,  were used t o  g i v e  t o t a l  doses o f  5.0 x l o 7  rads up t o  
1.0 x l o 9  rads. Composi t e  deg rada t i on  was i n v e s t i g a t e d  w i t h  t h e  a i d  of 
gas-chromdtograph (GC) and mass-spectometer (MS) ana lys is .  
G i o r i  e t  a l ,  s t a t e  t h a t  a1 1 t h e  compos i te  m a t e r i a l s  eva lua ted  have 
shown h i g h  e l e c t r o n  s t a b i l i t y  up t o  t h e  dose l e v e l s  used. I iydrogen and 
niethane have been i d e n t i  f i ed as t h r  rnai n by-prociucts o f  i r r z d i  a t i  on, 
/- 
a long  w i  t h  ur~expectcsdly h i g h  l eve1 s o f  carbon rrlorivxi de and c~ tvbnn  d l  ox- 
ide .  They go on t o  s t a t e  t h a t  gas Forrnat'ion i n  ' I r r 'adiatet i  [~o' lymet~s 
r e f l e c t s  t h e  occur rence  o f  cha in  s c i s s i o n  and c r o s s l i r i k i n g  r e a c t i o n s .  
And cot:: lurle t ha t ,  a1 though t h e  p r ima ry  process o f  e l e c t r o n  i rr t i r f i  a t ' i o , ~  
ddinage ic iv@lves i o n i z a t i o n ,  subsequent s teps  l ead CU cha in  s c i  s s i a n  and 
c ross1  i nki ng, w i  t h  concu r ren t  gas f orniat:l on. 
S u m a r j  o f  Cur ren t  L i t e r a t u r e  un Mi a t i o n  E f f  ect.s on Composi t s  
-_l_l_-p 
Many o f  t h e  s t u d i e s  no ted  i n  t h e  p rev i ous  s e c t i o n  do n o t  use a 
l a r g e  enougil t o t a l  r a d i a t i o n  dose t o  adeqriately s i n ~ u l a t e  a l o n g  space 
exposure. The two ~ n d j o r  works, t h a t  per formed by Fiaskins and Hoilt~ies and 
t h a t  per formed by t- lazzio e t  al., have a l a r g e s t  t o t a l  dose o f  o n l y  3.U x 
10' rads  [11,12,13,l41. This  i s  q u i  ~ a l  en t  t o  1 ess than 10 ye+xrs i n  
space. The l a r g e s t  dose ob ta i ned  hy the N o r t h  C a r o l i n a  group t r ans1  a t e s  
, r--. 
-. 
. . i n t o  15 y e a r s  exposure  (5.U x  1tJY ra.ds) [17,18,1J,ZU,21.,22]. I f  space 
i 
/ 
s t r u c t u r e s  d r e  meant t o  have i ~ s e f u l  l i f es o f  1U t o  2U years ,  c l e a r l y  
t h i s  i s  n o t  enough. I f  we a r e  t o  des ign  a s t r u c t u r e  f o r  use  i n  a  space 
env i ron~nen t ,  d a t a  i s  r letded p d s t  t h e  u s e f u l  l i f e  of t h a t  s t r u c t u r e ,  
i40st resed rche rs  d s e d  e l e c t r o r l  ene ry i  es t h a t  a r e  e q ~ r i v a l e n t  t o  
t nose  found i n  t h e  Van A l l  en radiation S e l t s ,  a1 thoogtr sorne were on t h e  
I 
h i g h  s ide .  Irl Some Cdses, s d r n p l ? ~  were n o t  c o n t i n u o u s l y  i r r a d i a t e d  
under  t l i e  e l e c t r o r l  Seafit, b u t  n o e b i n ~  i s  ment ioned ?S t o  whether tnc? 
t m o e r d t u r t ?  c y c l i n g  t h a t  Inus: have Seen t a k i n g  p l a c e  would have any 
% e t f  ect .  A l  l i n v e s t i  g o t a r s  ayrecvl t h a t  t ec lpe ra tu re  c o n t r o l  d u r i n g  i r r a d -  
i a t i o n  i s  very I i npo r tdn t ,  and a1 l made at ternpts t o  c o n t r ~ l  i t .  
#'- 
A c c e l e r a t e d  exposure i s  a c o n t r o v e ~ s i  a1 s u b j e c t  t h a t  a l lnos t  a1 1  t l i e  
resr?archers  d i d  r lot  ddf l ress.  Hoerevcr, t h e  s tudy  p e r f  ornled by " i d m z i  o c t  
7 3 1 .  t iscd a  h i g h  dose r n t e  o f  1.3 x 1U r a d s l b r  dnd a low dose r a t e  o f  
5.U u lub r d d s / h r  [13,14]. No d i f f e r e n c e s  %,?re noted,  
Very f cw o f  t h e s e  s.. idi es fnade an a t t m p t  t o  o b t a i n  a comple te  s e t  
o f  i n p l d n e  t e n s i l e  p r o p e r t i e s .  I f  des i  3n c o n s i d e r a t i o n s  a r e  t o  b e  lna~1Q 
w i t h  t h e  space env i ron~nen t  i n  mind, a  c o r n l ~ l e t e  s e t  o f  p r o p e r t i e s  l?ust be 
. . 
ava i  l d b l e .  Many rcscar -chef3  used a  l a r g e  tenrpera ture  range, -3UU°F 
, 
(88K) t o  +25U°F (3YJK), vrhen p e r f o r m i n g  ~nechnn ica l  t e s t s .  
The rllost d l  s t u r b i n y  develcpment t h a t  can be drawn f rorn t h i s  1 i te r ' d -  
t u r e  r e v i  tw I S  t h a t  mdny resear-cher's ~nake  conc lus ions  t o  d e s c r i h e  t t l e  
d e q r a d a t ~ o n  noted,  b u t  ~ C J  n o t  s ~ i p p o r t  t h e s e  c o f ~ c l u s i o n s  w i t h  expc r i~neq -  
t a l  rnensurwncnts. There' > re ,  cmny c o n f l i c t i v g  s t d t a ~ n e n t s  a r e  made ~bo: r t  
r a d i  a t i o n  et f ec t s  and whd t can bf:. done 
- 2.2 T e s t ~ n g  Methods 
2.2.1 Mecllari ical i e s t i n q  
A1 1 researchers  i n  t h e  f i e l d  of cormposi Ces t e s t i n g  general  l j  a y r e e  
t h a t  larnlna $ r o p e r t i  es i n  t h e  f i b e r  d i r ~ t i o n  ( u i t i r r l a t e  St ross :  
8 
- X ~ *  
e l a s t i c  modulvs: E l ,  ?nd Po isson ' s  r a t i o :  v ' angj t r a n s v e r s e  t o  t n e  12' 
t i o e r  d i r e c t i o n  ( u l t i ~ l l d t e  s t r e s s :  { T ,  e135 t i c  fR0duIU~: i2, and P O ~ S S O ~ ' S  
r a t i o :  vZ1)  can s e  measured  sing u n i d i r e c t i o n a l  laminates  i n  t n e  go ana 
/' YUO 0 r i  e n t a t i o n s  (F ig .  4 ) .  However, rnuch lass dyreenent  i s  found i q  
4,J ,: 
d e t e r ~ n i n i n g  shear  a r o p e r t i e s  ( u l t l l n a t e  sSredr scrb'qqth: 5, dnd shear 
modulus: G I 2 ) ,  due t o  t h e  d i f f i c u l t y  o f  p r s d u c i n g  a  s t a t e  of p u r e  shear 
. . 
i n  p r a c t i c a l  I dbo rdco ry  t e s t  specilnens, 
F' One method f o r  measllr i  ng shear p r o p e r t i e s  was proposed by C. C. 
Chamis and J. 11. S i n c l a i r  of t h e  YASA-Lmir 2 ~ s e a r c h  Center i n  C 1  eve- 
land,  Ohio,  i n  1977 [ 3 1  J. Thei r comb1 cad tka~xwetmcal d r ~ d  exper i lnental  
-. 
i n v e s t i  g3 t i o r t  proposed us 'nq  t h e  lUO-of f  a x i s  t e n s i l  e - tes t  l a m i n a t e  for'  
i n t r a l  arn; nar -shear  characterization o f  t s n i d i r e c t t o n a l  c o m ~ o s i  tes .  Tnr 
t h w r e t i  c a l  approach i n c l u d d  c l a s s i c a l  1arnlndt;on t t leory (CLT), a  
co~nb ined -s t ress  f a i  l u r e  c r i t e r i o n ,  and a f i n i t e  r i e a e n t  a n a l y s t s  o f  t h e  
problem. Severa l  luO-spec imens o f  Mod-I /q?sxy,  S3UU/epoxy, and 
S-g lass lepoxy were  fi Cted vrri t h  s t r a i n  gage r o s e t t e s  t o  e x p e r i m e n t ~ l  l y  
v e r i f y  t h e i r  f i n d i n g s .  They c ~ f l c l u d @  t h a t  t h e  p rocedu re  i s  s u i t a b l e  f o r  
shear c h a r d c t e r i z a t i o n  and r K o l m e n d  t n a t  i t  shou ld  b e  cons idered as 3 
I poss i  b l  e s tanda rd  t e s t  specimen. 
1 
F u r t h e r  work by P i n d e r ~  dnd Herdkov ic l l  has shown t h a t  shear -coup l -  
I i n g  a t  low f i b s r  o r i  e n t a t i o n 5  1 eads t o  l e s s  than  s a t i s f a c t o f - y  r e s u l t s  
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mination,but the 45°-specimenis preferredfor determinationof the
f shear modulus (GI2). Therefore, it was decided to use the lO°-lamina.te
for shear strength and the 45°-laminate for sheaf" modulus.
The basic theory of this test utilizes the biaxial stress-state
that is present when a iU°-off axis laminate is subjected to an axial
load, The induced stress-state has three stress components; longitudi-
nal a_11(Ol), transverse a_22(a2), and intralaminar o_12(a12) as
indicated in Fig. b. In order for this specimen to serve as a useful
/
2" means of intralaminar-shear characterization, the stress compon-
ent a_12(a12) must be the only stress component that is near its criti-
cal value. Fracture mu.st occur at the 10° orientation when the intra-
laminar sheah, a12, reaches this critical value. Experimental measure--
ments, made by Chamis and Sinclair, have determined that this is the
case [31],
The stresses in a lamina with a fiber o#ientation of 0 are deter--
mined from the following standard stress transformation equation [32],
,<
_, {o} x = [T]-I{o}I (I)
Where {o} x are the stresses in laminate coordinates and {o} I are the
stresses in lamina coordinates, [T] is the transformation matrix list_J
below in which o is the fiber orientation within a given lamina [32].
COS2({_) sin2(O) -2sin(O)cos(g) ]
[T] : Isin2(G) cos2(o ) 2si n(g)cos({) ) (2)
Lsin o)€os(o)- n O cos(0) cos2(O)l-sin2(O),
/

Chami s s t a t e s  t h a t ,  f o r  a urt i  ax i  a1 l o a d  a long  t h e  x- ,ax is  of a lami  
nate, a, has a measurable value, b u t  o Y and a XY a r e  equal t o  zero. No te  
i : .  t h a t  P indera  and H r rakov i ch  have shown t h a t  o can o n l y  h e  taken t o  be 
, - XY 
ze ro  f o r  very  l a r g e  aspec t  r a t i o s  C331. Therefore,  f r o m  equa t ions  ( 1 )  
and ( Z ) ,  t h e  f o l l o w i n g  equa t ions  car1 b e  w r i t t e n .  
Fo r  a j.OO-off a x i s  lamina te ,  O i s  equal t o  10' arid s u o s t i  t u t i n l )  i n t o  
equat ions ( 3 )  g i  ves: 
a12 = ~ ~ U . 1 7 1  ( 4 ~ )  
. . 
I I n  t h i s  i n v e s t i g a t i o n ,  t h e  lU"-.off  a x i s  spccin1i.n was used t o  mea- 
l s u r e  stlea!. s t r e n g t h  on ly ,  due t o  work done by M. J .  P inde ra  and 
} Ierakov ich t h a t  i r l d i c a t e s  t h a t  t h i s  i S  n o t  a gooil t .s t  f o r  t h e  llleasure- 
mcnt uf shear nlodulus [33]. Therefore,  f r o m  equa t ion  ( 4 c ) ,  an q u a t i o n  b 
'!I 
,= 
' , ,  
.+-- I , 
, 
I 
Where oul t ( l O O )  i s  t h e  u l  t i r na te  s t r e s s  o f  t h e  lUO.-laminate. 
. j . '  
P indera  and Herakov ich yo on t o  s t a t e  t h a t  t h e  4 5 " - o f f  a x i s  t e s t  i s  
. t 
more s u i t e d  f o r  t h e  measurenent of' shear  ~ O ~ U ~ I J S ,  G12. Shear c o u p l i n g  
i 
i i s  sma l l  i n  t h e  45'-1 arni nate,  thus  pernli t i  ng i t s  u s e  t o  'measure shear 
/ )  i modulus. I n  a d d i t i o n ,  s i n c e  t h e  45 ' - laminate f a i l s  i n  a  mixed mode o f  
: i i n p l a n e  shear  and t r a n s v e r s e  tens ion ,  i t  i s  clot a good specimen f o r  I measur ing shear s t r eng th .  I n  t h i s  i n v e s t i g a t i o n ,  t h e  45'-of f  a x i s  
l d m i n a t e  was used t o  measure shear modulus, G12. ' 
The bas i s  o f  t h i s  t e s t  method begins w i t h  t h e  gene ra l i zed  Hoolte's 
i 
I l aw [321. 
I 
I 




(5) = CCIIEI (6) 
where a and c a r e  s t r e s s  and s t r a i n ,  and. [CI i s  t h e  s t i f f n e s s  ma t r i x .  
By r e w r i t i n g  t h i s  equa t ion  i n  terms of' s t r a i n  ~ l n d  i n  larnina coord inn tes ,  
t h e  f o l  l ow i l l y  r e l a t i o n s h i p  i s  ob ta ined :  
I 
{€I = CSI I5 I l  ( 7 )  
where [ S ]  i s  t h e  comp1;ance m a t r i x ,  wh ich  wtteri expanded g i v e s  t h e  f o l -  
.A * 
l o w i n g  r e l a t i o n s  ( i n  l m i  na coo rd i na tes ) .  
1 
1. 
S22 = 5 (Uc 
i 1 
I .. 1 
. I '6 - 5 (8d 
i 
I 
i where E l ,  E2, v 1 2 ,  vZ1, and G12 w e  eng inee r i ng  cons tan t s  i n  lamina  
; I coordi  nates. 
" I Hooke's law can a l s o  b e  wr.1 t t e n  i n  terms o f  t h e  l a m i n a t e  c o o r d i n a t e  I 
i 
systen C321. 
i f -  t c l X  = L T l t o ~ ~  ( 9 )  
..I . 1 *C- T~~~~~ 
L - p h ~ r t c ~  
I 
I where t c I x  a r e t h e  s t r a i n  components and folx a r e  t h e  s t r e s s  coritponenls. 
' I  I I : 
. . 
I I m i s  t h e  t r ans f  armed c o ~ n p l i  ance r n a t r l  x and i t s  f i r s t  element i s  found 
t o  be equal  t o  
A s u b s t i t u t i o n  cac now he made f r o m  equa t ions  ( 8 )  and r ~ o t i n g  t h a t  
l am ina te  coord ina tes ,  t h e  r e l a t i o n  shown i n  equa t ion  (11) i s  t rue .  
1 1  4 1 2 ~ 1  
- = -- cos ( C  ) t (T-." " --"+-\  2 2 1 4 E~ ? , s i n  (O)COS (0 )  + -- s i n  (0) (12) 
El 12 E?. 












F o r  a 45'-off a x i s  lan i inate,  0 i s  equal t o  45" and s u b s t i t u t i n g  i n t o  
equa t ion  (12)  g ives  
1 1-1 2v12 1 1  
.-.=+-.----+-+ 
Ex 4 E l  
I 1 
-1 5% E% ( 1 3 )  
By r e a r r a n g i n g  
4 1 1  2v12 -1 
= Lr . - . I- + --J 
x E2 El 
(14 )  
, 
* 
I n  t h i s  equat ion,  Ex i s  t h e  a x i a l  modulus o f  t h e  4bo-specimen and El, 
E2, and vI2 a r e  determined TI-oin o t h e r  t e s t s .  
f'- 
2.2.2 I ) y n a m i  c-Mechani c a l  -- Ana l ys i s  
. 
i Dynamic-mechanical a n a l y s i s  (DNA) i s  be i ng  used i n c r c ~ s i  ng ly  f o r  
polylner and co~l iposi  t e  ~ n a t e r i  a l s  c h a r a c t e r i z a t i o n .  P r o p e r t i  es ru:easurcd 
by  t h i s  t echn ique  i n c l u d e  t h e  dynamic modulus o f  t h e  a t e r i a l ,  i t s  
1 ; ;  damping c h a r a c t e r i s t i c s ,  and g l  ass - t r ans i  t i  on temperature. Tile g l a s s -  
I : .  
! ; t r a n s i  t i on ten iperature o f  a polymer i s  d e f i n e d  as t h e  tempera tu re  a t  i' 
/I !, which  t h e  po l y~ i i e r  loses i t s  " c r y s t a l l i n i t y "  and beco~ncs inore p l a s t i  t, i' i 1 s o f t ,  and p l i d b l e .  i 
" "4 
DMA i s t h e  n~easurement o f  t h e  rlrechani c a l  p r o p e r t i  es o f  ~ r i a t e r i  a1 s as 
,.., 
they  a r e  defornied under p e r i o d i c  s t r e s s  [26,271. I n  ,i t y p i c a l  t e s t  . 
. 
I .  arrangenent ,  F i g .  6, a sample i s  clamped between t h e  13rms of a coriipound 
resonance sys tnn  i n  which t l i e  resonzn t  f rcclurncy i s  dependent almo.;t 

< \  8 , 
. ! e l  ectrotnechani c a l  t ransducer .  Tlte f r q u e n c y  and amp1 i t u d e  o f  t h i s  
o s c i  1 l a t i o n  a r e  de tec ted  by an LVUT p o s i t i o n e d  a t  t h e  osc i  1 l a t e d  end o f  
t h e  a c t i  ve arm. The LVUT p rov i des  a s i  gns l  t o  t h e  e l  ectrolnechani c a l  
transducer-, wh ich  i n  t u r n  keeps the.sample osc i  1 l a t i n g  a t  cons tan t  I 
ampl i tude, 
U u r i n g  each cyc le ,  t h e  t e s t  speci~nerl  i s  sub jec ted  t o  an a l t e r n a t i n g  
f l e x u r a l  deforrnat ion. The a b i l i t y  o f  t h i s  t e s t  specimen t o  s t o r e  and 
I d i s s i p a t e  enercy upon de fo rma t t on  i s  rnoni t o r e d  by t h e  UMA s y s t w .  When 
1 . .  t h e  t e s t  specimen i s  deforlned and then re laxed,  a p o r t i o n  o f  t h e  energy 
r e q u i r e d  t o  deform t h e  sdrnplc i s  d i s s i p a t e d  as hea t  t h a t  I S  re leased  a t  
a r a t e  t h a t  i s  c h h r a c t e r i s t i c  o f  t h e  test. ~ n a t e r i a l .  Th is  d i s s i p a t i o n  - 
,/- 
cnwgy ,  t m i y , _ i s  c h a r a c t e r i s t i c  o f  t h e  1n01 ecu la r  s t r u c t u r e  and 
rncchanical p r o p e r t i  e i  o f  t h e  v i : coe las t i c  m a t e r i a l  be i ng  tes ted  [27]. 
By m o n i t o r i n g  dampinq energy as a f t i n c t i o n  o f  Emiperature, t h e  
g l  ass - t r hns i  ti on tenperqa tu re  o f  t h e  polyrr~er ' i  c ~ n a t e r i  a1 can be d e t e r -  
nii ned. Uuc t o  in01 ecul a r  c h a i n  movcnicnt a t  t h e  g l  a s s - t r i n s i  t i on tc?iiipera- 
t u re ,  a huge i n c r e a s e  i r i  damping erlcryy w i l l  be noted. 
The s o l u t i o n  f o r  t h e  dynarnic cqua t io r l  o f  mot ion  f o r  t h e  systcoi  
g i ves  t h e  f n l  l ow ing  r e l a t i o n s h i p  between t h e  dynatliic a~odulus o f  e l a s t i c -  
i t y  and L?MA f requcnc.y [ % 5 ] :  
where 
E = Dynamic modulds o f  e l a s t i c ' i t y  (Pa) 
l4 f = DMA f requency (Hz) 
J = Momwt o f  i n e r t i a  o f  arm ( kg  * m2) 
K = Sp r i ng  cons tan t  o f  p i v o t  (N  rc~/rad) 
D = Clamping d i s t a n c e  (nr) 
W = Sample w i d t h  (m)  
T = Sarnpl e t h i c kness  (ni) 
L = Sampl e  l e n g t h  (m) 
By m o n i t o r i n g  t h e  dynamic modulus as a  f u n c t i o n  of teniperature, t h e  
temperar.ure a t  which t h e  po lymer s o f t e n s  can be  detenn.ined. A t  t h i s  
tclrnperature t h e  modulus decreascs y r e a t l y .  
By compari ny ou tpu t5  o f  damping a n d l o r  modulus versus t c .~p i? rn lu r -e  
f o r  va r i ous  polyn:er.s, conc lus ions  cdri be  drawl; ahout tk.e ef f  ec t  o f  
mo lecu la r  s t r u c t u r e  on UMA data. F ig .  7 i s  a  t y p i c a l  p l o t  o f  clrtnrping 
versus t enpe ra tu re  f o r  t h r c c  po lymer i  c ma te r i  a1 s  [263.  The 1  a rge  peak 
a t  t h e  h i g h  tempel-ature i s  t h e  g l a s s - t r a n s i  t i o n  temper& .ure o f  t h e  
polymer. I f  t h e  average mo lecu la r  we igh t  o f  t h e  n l a t c r i s l  c o u l d  he  
decreased, t h e  h e i g h t  of t h i s  peak h a u l d  be increased.  I n  addl t;on, t h e  
peak would s h i f t  s l i y h t l y  toward lower  'cecnperatures, I t  i s  r e a d i l y  
observab le  t h a t  d i f f  ercnces i n  t h e  mo lecu la r  we igh ts  of  d i f t c l - e n t  m i l t ~ r -  
- 
i a l s  can be  e a s i l y  compared w i t h  t h e  9MA technique.  I t  shou ld  a l s o  D e  
no ted  he re  t h a t  a l a r g e  d i s t r i  bu t i o r ,  of  niol c c u l a r  wei yb:s would producr-! 
a  broader  g l  ass - t r ans i  t i o n  te lnperature peak than would a t i  g l i t  iii s t r i  bu- 
t i o n  o f  nlo1e:ular \ v e i ~ h t s .  







Dynamic-mcct ..,i'ical a n a l y s i s  can he used t o  measure t h e  e f f e c t  o f  a 
change 117 c r o s s l i n k  decs i  t y  on t h e  damping c h a r a c t e r i s t i c s  o f  a p o l y -  
me r i c  ma te r i a l .  A p l o t  of damping versus tempera tu re  as a f u n c t i o n  o f  
~ - 
c r os * , l i  n k i n g  i s  i l l u s t r a t e d  i n  F ig .  8 [26]. The g lass - t rans4  t i o n  tan- 
p e r s t u r e  peak would be  s h i f t e d  toward l o d e r  temperatures as w e l l  as be 
s l i g h t l y  inc reased  i n  h e i g h t  i f  c r o s s l i n k  d e n s i t y  were decreased. 
Ayain, changes i n  polymers due t o  changes i n  mo lecu la r  ar rangenent  ' a re  
e a s i l y  de tec ted  ~i t h  DMA techniques, 
2.3 E f f e c t  o f  Res idua l -S t resses  and F i b e r  'davjness on Modulus o f  E las - .  
t i c i k  
-
4 
r Composite m a t e r i a l s  researchers  have observed t h a t  when a U0 yraph-  
i te-epoxy ( o r  g r a p h i t e - f  i ber ,  r e s i  n-mra:ri x composi te)  l a m i n a t e  i s  l oad&  
i n  tens ion ,  i t  e x h i b i t s  n o r ~ l i  near s t r p i s - s t r a i  n  response; t h e  s t i f f n e s s  
inc reases  w i t h  i n c r e a s i n g  s t r ess .  I n  a d d i t i o n ,  the  n o n l i n e a r  response 
I .  I 
observed i s  r e v e r s i  b1 e over  almost t h e  e n t i  r e  range  o f  a l l o w a b l e  
s t r ess ,  Revers i  b i  li t y  i s  no l onge r  p m s i b l  e o n l y  at t c r  s i g n i f i c a n t  
darnage has occur red  w i t h i n  t h e  laminate.  S l g n j f  i c a n t  darnayc i s  u s u a l l y  
ev i den t  on l y  whm t h e  specimen has ob ta i ned  n i n e t y  percen t  o f  i t s  u l t i  -* 
mate s t r e s s  C341. The i n c r e a s e  i n  modulus o f  e l a s t i c i t y  can be as much 
as t h i r t y  pe r cen t  C353. 
,. 
\ Poisson 's  r a t i o  o f  t r ansve rse  s t r a i n  colnpared Lo a x i  a1 s t r n i  n a l s o  
e x h i b i t s  n o n l i n e a r i t y  i n  Uo-speclmens under  t cns i o r l  I n  t h i n  case, 
\ 
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The above observa t ions  and l a m i n a t e  responses a r e  no ted  o n l y  i n  
specimens t e s t e d  i n  t h e  f i b e r  d i r e c t i o n ,  O f f  -ax i  s  1 ami na tes  and shear  
s p ~ i m e n s  do n o t  e x h i b i t  s i m i l a r  behavfor .  
Severa l  i n v e s t i  ga to r s  have per formed s t u d i  es aimed a t  c i  ti ng causes 
t o  e x p l a i n  t h e  n o n l i n e a r  behavior .  The two most colimon exp lana t i ons  
i n v o l v e  t h e  e f f e c t  uf gvap l l i t e  f i b e r  war iness and n o n l i n e a r  response of 
I 
t h e  graph1 t e  f i b e r  i t s e l f .  
C u r t i s ,  M i  Ise.  and Keynolds i d e n t i f i e d  two modes o f  f i b e r  behav io r  
w h ~ c h  a r e  a l t e r e d  by a p p l i e d  l oad  C3bl. I n i t i a l l y ,  t h e  i n c r e a s e  i n  t h e  
modulus of e l a s t i c i t y  o f  carbon f i b e r s  i s  a t t r i b u t e d  t o  movement and 
subsequent p i n n i n g  of basal  d i s l o c a t i o n s  w i t h i n  t h e  c r y s t a l  1 i n e  s t r u c -  
. <.:+ 
t u r e  of t h e  f i b e r s ,  This chdnge i n  c r y s t a l  l i n e  0t.i e n t a t i o n  w i t h  a p p l i  sd 
l o a d  i s  r e v e r s i b l e .  I n  t h e  second ~nocie, l o a d  a p p l i e d  t o  t h e  f l h c r  
causps s t r a i g h t e n i n g  of t h e  c e l l u l a r  s t r u c t u r e  o f  t he  F i b e r  i t s e l f .  
Beetz pe r f o r~ned  a s i m i l a r  s tudy and made t h e  same observa t ions  
1361. He su l nna r i ~es  by s t a t i n g  t h a t  t h e  observed f i b e r  s t i f f e n i n g  can 
be  expl  l i n e d  by a s t r a i n - i n d u c e d  i n c r e a s e  i n  t h e  f i b e r  p r e f e r r e d  o r i e n -  
t d t i o n  and modeled by e i t h e r  a  un i f c r i n  s t ress  o r  e l a s t i c  unwr i  n k l i n g  
  nod el. Conclus ions drawn by b o t h  C u r t i s  e t  d l .  and Beetz p o i n t  t o  b o t h  
changes i n  c r y s t a l  l i n e  o r i e n t a t i o n s  w i t h i n  t h e  f i b e r s  and s t r a i g h t e n i n g  
o f  t h e  t i  bers  thanse l  ves, 
W i  f h  t h i s  i n f o r m a t i o n  i n  mind, a n a l y t i c a l  and exper imenta l  i n v e s t i  - 
ga t i ons  wcro p e r f o r n l d  by Mansf i e l 0  dnd Psrslow, Bazent ,  Uomninou and 
Yannas. B e r t ,  VariUremel anti Kmp, and P indera  and HerdKovich t o  d r t e r -  
mine t h e  i n f l u e n c e  of f i b e r  ~ a v i n e s s  on compo5i te  m a t e r i a l  p r o p e r t i  es 
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v a r y i ~ l g  degrees of f i b e r  waviness were modeled, observed, and cha rac te r -  
ized.  Heru l  t s  r evea l  t h a t  f i b e r  waviness has neg1 ig i i ) l e  e f f e c t  on t h e  
niodulus o f  e l a s t i c i t y  and shear  p r o p e r t i  cs when coniposi t e  i na t r l ces  a r e  
s t i f f  and b r i t t l e .  However, i n  those  sys tnns  where ma t r i ces  a r e  d u c t i l e  
and f l e x i b l e ,  s i g n i f i c a n t  i n f l u e n c e  i s  p r e d i c t e d  and measured. F i b e r  
waviness can s i  g n i f i c a o i l y  i n c r e a s e  t h e  lnodulus o f  e l a s t i c 1  t y  o f  a  O 0 -  
l am ina te  p rov i ded  t h e  m a t r i x  of t h a t  composi te  i s  f l e x i b l e .  
E s s e n t i a l l y  s t r a i g h t  f i b e r s  i n  a  d u c t i l e  r na t r i x  produce a  g r e a t e r  
- isa co~nposi t e  modulus than wavy f i b e r s  i n  t h e  sane ma t r i x .  F o r  a  cotnposi t c  ,. L- .. ,.
-- 
--. . _... m a t e r i a l .  s t i f f n e s s  i n  t h e  f i b e r  d i r e c t i o n  i s  d i r e c t l y  i n f l u e n c e d  by t h e  
deyree  of f i b e r  waviness. 
,--- 
The drnount of r e s i d u a l  s t r e s s  pl'eacnt i n  a  composi Ce l dm ind te  cdn 
* . /' 
,. d i r e c t l y  i n f l u e n c e  t h e  degree o f  f i b e r  waviness i ~ i  t h i n  t h a t  l a m i a d t e  
. .I 
I*. - I--- 
L42.431. Composite lanl i  nates a r e  inanuf ac t u red  a t  h i g h  temperatures 
( 2 5 0 ' ~  t o  3bU°F) t o  a1  low t l i c  epoxJ1 r e s i n  r na t r i x  m a t e r i a l  t o  cure. llpon 
-> -*, 
. . -. coo l i np ,  t h e  m a t r i x  wi 11 c o n t r a c t  and t h e  f i b e r s  w i  11 expi id s l i g h t l y ,  
clue t o  d i f f e r e n c e s  i n  thermal expansion. E q u i l i b r i u m  i s  ob ta i ned  when 
colnpressive f o r ces  i n  t h e  f i b e r s  equal t h e  t c n s i  l e  f o r ces  i n  t h e  
ma t r i x .  This s t a t e  of e q u i l i b r i u m  o f  i n t e r n a l  f o r ces  i s  termed t h e  
r e s i d u a l  s t r e s s  s t a t e .  J i nce  t h e  t h i n ,  s l ende r  t i h e r s  a r c  i n  compres- 
- ,' 
, -  
~ i o n ,  they iilay tend t o  b u c k l e  s l i g h t l y .  The l a r g e r  t h e  r e s i d u a l  s t r e s -  
ses, t h e  l a r y e r  t h e  degree of waviness o f  t h e  f i b e r s .  
The d~nount of r e s i d u a l  s t r e s s  p resen t  i x  d cotnposite :aminnte d i l  1 
d i r e c t l y  i n f l u e n c e  t h e  deyEi?e of f i b e r  wdviness i s  t h a t  1al;inate. This 
/' i r i f l u e r ~ c e  i s  a l s o  a f f e c t e d  by t h e  degree of d u c t i l i t j ~  o f  t h e  t na t r i x  
11latel.i d l .  F i  bc rs  w i t h  d h i  gli degree of war iness w i  11 pi-oditce a com- 
... /' 
/ / I - 1. , /'< /-- 
? 
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p o s i t e  m a t e r i a l  t h a t  i s  l e s s  s t i f f  i n  t he  f i b e r  d i r e c t i o n  as compared t o  
a composf t e  c o n t a i n i n g  s t r a f  yhter* fi bers.  Kedlici ng r ~ s i d u a l  s t r esses  
w i t l i i n  a l a m i n a t e  wi 11 r e s u l t  i n  s t r a i  g h t e r  f i b e r s  and t h e r e f o r e  hi  yher  / 
, 
values f o r  t h e  rnodulus o f  e l a s t i c i t y  of t h a t  lisminatc. 
- - -  
- - -  The exper imer~ ts  desc r i bed  h e r e  focused on two main o b j e c t i v e s :  
a )  To determ-ine t h e  e f f e c t s  o f  a space environment on t h e  mechani- 
. c a l  p r o p e r t i  es o f  d graph i  te-epoxy composite, and 
.. 
b )  To charac . te r i ze  t h e  changer, i n  t h e  epoxy m a t r i x  o f  t h i s  compos- 
i t c  due t o  i t s  exposure, 
/' 
4,'. 
,/- I The m a t e r i a l  t e s t e d  i n  t h i s  s tudy  and t h e  r a d i a t i o n  f a c i l i t y  used 
t o  expose i t  a r e  desc r i bed  i n  s e c t i o n s  3.1 and 3.2. Subsequent ~nechani -  
I 
cal t e s t i n g  i s  d iscussed  i n  s e c t i o n  3.3. The methods used t o  cha rac te r -  
. I i z e  t h e  epoxy r e s i n  i n a t r i x  a r e  p resen ted  i n  s e c t i o n s  3.4 th rough  3.8. 
,,rC 
, , 
.* ,. - 
- r 
I 
,i 3.1 M a t e r i a l  
.-. 
The m a t e r i a l  chosen t o  be i n v e s t i g a t e d  i n  t h i s  s tudy  .Is T3Ui)/934 
, 
I graph i  te-epoxy ddvanced co~~ ipos i  te. Panels were produced f o l  l ow i  rig t h e  
I! i ~rlanuf a c t u r c ~ . ' s  c u r l  ng procedures. Two 18- i  nch  (45.72 c e n t i ~ a e t e r s )  by i ,! 
1. . jj ' 24- i  nch (60.96 cen t ime te r s )  panels  of  4 -p l y  u n i d i  r e c t i o n a l  mate r i  a1 wcrc  
I 
j /' cured  and used i n  t h e  mechanical  t e s t s .  One panel  o f  s i m i l a r  s i z e  w i t h  
* 
. . 
I a [ O / Y O I S  l a y -up  was used i n  t h e  t h e r m a l - c y c l i n g  t es t s ,  The lamina tes  
- 
were l i m i t e d  t o  a  th i ckness  o f  4 p l i e s  (U.U242 inches, 0.615 nli l l i m e -  
1 t c r s )  i n  o rde r  t o  ensure u n i f o r m  r a d i a t i o n  exposure th rough  t h e  t h i c k -  
/ ness o f  t ! ie composi te,  P r i o r  t o  use, t hese  panels  were u l t r a s o n i c a l l y  
i 
. , 
(L' C-scanried t o  ensure i n t c q r i  t;y. 
, 
I 
Saalpl es o f  t h e  g r a p l ~ i  te-.epoxy panels  were t e s t e d  f o r  f i b e r  volume, 
I 
v o l a t i l e  con ten t ,  a n d  der~s ' l t y ;  these  I ' C S U ~ ~ S  a r e  t abu la ted  i n  Table 3. x 
8 ,  
1 __I, I ; )' ,.. - ./ I 1.  8 :  ! @ . I. 
' !  1 ,  / I./' ; ! 
,' ./' 
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Table 3 
'i j Fiber V O I  uw and Densf ty of I3001934 Graphi re-Epoxy Cwqosi te .  
' I 
i 
/ q l  
.I - j 
4 
I/ . i - 
,, : 
I .  
I 1 . '  T300/934, Graphf te-epoxy 
? I 
I ' I  I 
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irradiated material and no differences could be detected,. Dimensional
/" measurements were also made before and after radiation exposure, and no
/ .-- / dimensional changes were discovered° A visual examination of the irrad-
' ""_ iated material detected a slight darkening in color when compared to
_i_i { nonM rradi ated materi al.
/!
Prior to testing, all test specimens were placed in a vacuum drying
oven (I.0 x 10-3 torr, IIO°F) for a minimum period of two weeks. A plot
./
.-] of weight loss due to moisturefor this materialis presentedin Fig, 9,
/ 3,2 Radiation Facility_
, /
i
_"' A radiationexposureof io0 x IUI0 rads was used in this investiga-
/:/ >r'"
../>" tion to simulate a "worst ca_e of 3U years in space [7], Electrons
..... with energies of 1.0 MeV were used which are characteristic of those
found in the Van Allen radiation belts surrounding the earth [8], A
dose rate of 5.U x 107 rads per hour accelerated exposure times to 20U
hours, This translates into actual fac_lity use times of 14 to 21 days°
The facility that wasused to produce radiationexposuresfor this
•_/ I investigation is the Space Materials Durability Laboratory loc.ated at
.// / _
/ii..'.'_ -theNASA-LangleyResearchCenter in Hampton,Virginia (Figo I0). This
''//.. ,_i. insta!lation uses an electron accelerator to produce a !0-inch (25.4-
. :/
" { centimeter) electron beam capable of producing exposures of the type
_"'' described above. A water-cooled backplate is used to keep the composlteI
samples from overhea_ing during their radiation exposure. This syst_l_
insures .that .the spe(-imens will not experience temperatures greater thani_,_
...... tOO°F, and experience has shown that lower telnperatures are more proba-
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f r o n t  sur face t o  t h e  back sur face of the  samples, du r i ng  i r r a d i a t i o n ,  i s  
n o t  present  [44], 
I n  p repara t ion  f o r  a  rdd i  a t i o n  exposure, composite samples. a re  ' 
s - .  
/ 
f i r s t  attached t o  an aluminuni p l a t e  (F!g. 11). The l o - i nch  (25.4-centl- 
meter) c i r c l e  i nsc r i bed  on t h e  p l a t e  i s  d guide t o  i n d i c a t e  where t h e  
e lec t ron  beam w i l l  s t r i k e  t h e  p la te .  The aluminunt p l a t e  i s  then 
at tached t o  t h e  water-.cooled backp la te  o f  t h e  expostire f a c i  l i t y  (Fig. 
12). As seen i n  t h e  photograph, a  thermocouple i s  connected to t h e  
4f 
, '  i p l a t e  t o   non nit or temperature and a Faradey cup i s  used t o  measure e lec-  
i 
t r o n  dose and dose rate. This en t i  r e  assembly i s  posi t ioned,  i n  t h e  / .' 
, . 
i 
vacuum chamber o f  t h e  f ac i  li t y  and exposured t o  t h e  e l  ectron rac l i  a t i o n  
i 
3.3 blechani c a l  t es t1  n q  
I 
I I n  order t o  cha rac te r i ze  t h e  i n p j a n e  t e n s i l e  behavior o f  t h e  graph- 
i 
i 
i i t e l q ~ o x y  system being tes ted  i n  t h i s  study, t h e  f o l l o w i n g  p r o p e r t l  es I 
i have been measured g r  ca lcu la ted :  E l ,  Ex. G I 2 .  v12, v21B X T 9  Y T s  and I 
. '  
S .  A 0'-laminate was used t o  measure XT,  El. and vlp which are  proper-  
t i e s  i n  t h e  f i b e r  d i r e c t i o n .  A 90 ' - l am ina te  was used t o  measure t h e  
t ransverse p rope r t i es  Y T  and E2. As s t a t e d  e a r l i e r ,  t h e  shedr st rength,  
I S, was ca lcu la ted  f r o m  t h e  lU " -o f f  & x i s  rpeci~nen and t h e  shear modulus, 
- 
GIZ, f rom t h e  45'-off ax i s  specimen. Poisson's  r a t i o .  v P 1 ,  was ca l cu la -  
' I 
t ed  From t h e  f o l l o w i n g  w e l l  known equclticrn [321. 
" .  
2 
vz1 - q- * \ J L 2  










A t a b l e  o f  t h e  ldruindtes u t ;  l i z e d  and the p r o p e r t i e s  ob ta i ned  i s  presen-  
"A t e d  i n  Table  4. 
Mechanical  t e s t s  were !)erforrned f o r  b o t h  t h e  non-i  r r d d i  a t e d  arid 
i r r a d i a t e d  m a t e r i a l  ove r  t h e  t a n p e r a t u r e  r anye  ot -ZSUOr '  ( I l b K )  t o  
t25U°F (394K). Table 5 i s  t h e  t e s t i n g  n i a t r i x  t h a t  was used. 
Test  specimens were c u t  f~-oai  t h e  u n i d i  : .eci ional pane ls  of T30U/i)34 
gr i lph i  te-epoxy. The lor l i inate was 11mi t e d  t a  d th i ckness  o f  4 o l i  es i n  
- _ -  -
o r d e r  t o  i n s u r e  u n i f o r m  r a d i a t i o n  exposure th rouyh  t h e  th ickness  of t h e  
cornposi te.  A l e n g t h  and w i d t h  o f  6 i nches  (15.24 c e n t i m r t e r s )  by U.5 
inches (1.27 cen t i n l e t e r s )  was chosen t o  o p t i ~ n i z e  t b e  nutrlber o f  sp~c i l aens  
. ~ t h a t  c o u l d  b?  p laced  unrfer t h e  10 i n c h  (25.4 c cn t i r ne te r )  e l e c t r o n  t)ealSl, 
w i t h o u t  o v e r l y  coli iprornising on t i l e  aspect  r d t i o  ( l e n g t h  t a  w i d t h )  o l  rile 
, ,r t e s t  specin~en. F i b e r g l a s s  tabs d e r e  used f u r  l oad  i n t r o d u c t i o n  t o  
prever l t  t h e  mechani z a l  g r i p s  f rorrl b i  t i  rig i n t o  t h e  t e s t  coupon arid tlalrldg- 
CL.. 
- I 
i n g  t h e  co!nposi 1.e. S t r a i n  W ~ S  ITleaS~Jred w i  %.I) kvide-tcvr~pcrdt~r l-e r a n g e  
s t r a i n - ydyes  (SK-Uh-17sAU-3%. Micro-M?asurwients ). The wJJ 1dini nn t  ss 
were f i t t e d  w i t h  ho t t i  a x i a l  and t r dnsve rse  g n q e s  ( ' o r  rnmsuref ient a.?f 
.,: Po isson 's  r a t i o ,  vl>j, ~ h i l e  a l l  o t he r s  wcrc  ~nf:irr~rtld w i t h  d x i a l  gages 
'h 
on ly .  A schematic o f  t h e  t e s t  coupon uscd i n  t h i s  i n v e s t i g d t i o n  i s  
p resen ted  i n  F i g .  14,  w h i l e  F i g .  15 i s  a  p h o t o g r a p i ~  of an instrualt~rlt,.>d 
spec i  rnen. 
A 1  1 t e s t s  \$ere performed i n  an e!lvi ronn is l td l  ckdnibcr c I : ~ c  1~sc.s 
r e s i s t a n c e  e1ernrnt.s f o r  hea t i ng  a r~d  l i q u i r !  n i t r o c , t ~  f(;r c o o l i v q .  l t ~ e  
hea t  frorn t h e  r c s i s t a r l c e  clcrr i rnts i s  c i  rr:ctldt.c:d b) all i n tv rn , i l  f a i ~ .  T+c 
l i q i l i  d n i  t roger l  evapJraic.s n i  i t cntcr'r t h e  c!i,ill*l)?,. a!ld i s C I  r c u ?  h t c d  








t o r e d  throughout  t h e  ctlanber by ther~nocoupl  es p laced  a t  afar ious l oca -  
t i o n s  w i t h i n  t h e  chamber, i n c l u d i n g  one ther~nocoupl  e a t tdched  d i  r e c t l y  
t o  t h e  t e s t  specimen. Tests were conducted a t  t h r e e  d i f f e r e n t  tanpera-  
tu res :  -2SU°F ( IlbK), roorll t empera tu re  (304K), and +2S0°F (39410. 
App rox i na te l y  one hour was r e q u i r e d  t o  r each  b o t h  t h e  low and h i g h  t e s t  
temperatures. Soak t i ~ r i es  of f i f t e e n  l t i inutes were used t o  a t t a i n  s t a b l e  
1 condi  ti ons. 
. ,. 
,,' 
, The env i ronmenta l  chamber i s  mounted on an l n s t r o n  t e s t i n ?  
.>-,.. ' 
, 
machine. The ~nechan ica l  g r i p s ,  used t o  p u l l  t h e  composi te  coupons i n  
tens ion ,  f i t  e n t i r e l y  w i t h i n  t h e  chamber. Load was measured by a r e s i s -  
,I' 
/ 
/ ' *  I t a n c e  l oad  c e l l  l o c a t e d  o u t s i d e  of t h e  chamber and i s o l a t e d  t r o n  t m p e r -  , . I 
/..' 1 a t u r e  f l u r . t ua t i ons .  Du r i ng  a t e s t ,  s t r e s s  and s t r a i n  da ta  !vere dutoma- 
, a  
&4D 
' I t i c a l  l y  p e r i o d i c a l l y  ramp1 ed and recorded  hy a computer ized d a t a  
/-' ! 
, 
A . z  . -  a c q u i s i t i o n  system. A f t e r  each t e s t  hdd been ~ ~ e r f o r m e d ,  a l l  t e s t  da ta  
, , 
I 
,I s / were graphed, tabu1 dt@d, aiialyzed, and s t o r e d  by t h e  computer. 
I n  p r e p a r d t i  on f o r  a ~nectiani c a l  t e s t ,  t h e  g rayh i  te-epoxy specilltens / 
/ 
1 . ,  , 
a r e  p laced  i n  t h e  alechanical Les t  g r i p s  ( F i g .  16). These g r i p s  d r e  h e l d  
I - i g i d l y  i n  p l a c e  w i t h  C-clamps f o r  a l i g n ~ n c n t  purposes. When t h e  ~nechan- 
, _. L-- --- i c a l  g r i p s  a r e  p o s i t i o n e d  i n  t h e  I n s t r o n  t e s t  machine, a spac ing b a r  
w i t h  two C-clamps i s  used t o  p reven t  f l e x i n g  o f  t h e  s()ecilnen d u r i n g  
/ p lacen~cn t .  One C-claap i s  renoved in lmediate ly  b e f o r e  a t e s t  i s  t o  be 
I 
conducted ( i - i  g. 17 ). An ove rd l  l v i  ctYd of t h e  rnechani cat  measuranent 
f a c i  li t y  sllowirlg t h e  I n s t r o n  machine f i t t e d  w i  t h  art envi  rcninental  cham- 
be r  i s  shown i n  F i g ,  18, The te!nperdture c o n t r o l s  d r e  l o c a t e d  on t h e  
. - r i gh t - hand  s i d e  of t h e  t e n s i l e  machine. The da ta  a c q u i s i t i o n  equipment 
i s l o c a t e d  on t h e  1 ef t -hand s ide .  
I 
f' ' 
- , c. 
- b 
, / c  
. UwW 
. , / I , / 
I , I '  


Fiq.  18. Photogr'tph o f  llechanical Tcs Ling fquipswnt.. 
i n c h  (2.54 cent i .n ieter)  by 11.5-'inch (1.27 i e n t i l a e t e r )  somple i s  c l i i n~ped  
between two arms (F ig.  1 9 ) .  Une ar:n i s  f i x e d ,  ar;d t h e  o t h e r  arm i s  
t 1 .  
,' . 
C ': I : , F, 
moveable (F ig .  20). Tlie t e s t  specimen and t h e  arms a r e  d i s p l a c e d  and 
s e t  i n t o  osc i  1 l a t i o n  by an e l  ectromechani c a l  transducet- th rough  t h e  
moveable arm. By means o f  a f eed-back loop,  t h e  sample i s  made t o  
v i b r a t e  a t  i t s  owri n a t u r a l  f rt?quency w i t h  a constant, ampl i tude.  Then, 







t a i n  t h e  resonant  f requency o f  t h e  sample, t h e  tendency o f  t h e  sa~np le  t o  
c o n v e r t  aiechanical eneryy i l l t o  hea t  when s t r essed  i s  i i l c a s ~ ~ - ~ l .  TI\; s 
5 4 
de f i nes  t h e  i n h e r e n t  s t i f f r i e s s  o f  a m a t e r i a l  as w e l l  as i t s  d a ~ n y i r ~ g  
c h a r a c t e r i  s t i  cs.  
I 
I s :  
.--. 
. . 
W i t h  t h e  981 DMA ana lyzer ,  chdnges i n  the  resonan t - f  requency of t h r  
: 
i t e s t  Ina te r id1  over  a very  larc je  se l  ec i ab l  e t eape ra tu re  ranye  (-3UU°F t o  . 
3.4 Ovnalnic-Mect~ani c a l  A n a l y s j s  
-Z 
A1 though t h e  dyrlal~ii c - i i ~ e ~ l i a n i  c a l  dridly s i  s (UMA) t e chn ique  has been 
used f o r  severa l  decades, i t s  r ecen t  acceptar ice has come frorn t h e  Uul'orit 
1 
t +50U°F) cdn be  ~riorii t o red .  An overall view o f  t h ?  dynaniic-mechanical 
L 
b ana l yze r  i s  shown i n  F i g ,  21. 1)arnpilig drtd t h e  dynarr~ic lnodul l~s o f  elas-,  
t i c i  t y  (Eq. 1 5 )  a r e  recorded iis a f u n c t i o n  o f  telnperdture. From t h i s  
da ta ,  t h e  g l a s s - t r a n s i t i o n  t e i l pe ra tu re  o f  t h e  po lye ie r i c  111atrix can b e  
1 '  e 
j 981 dynalt~i  c-mechani ca1 dr la lyzcr  [45,4b?. W i  t h  tlii s i nstrulnent,  a I., U- 
c a l c u l a t e d .  I n  a d d i t i o n ,  n!otlulus arid dalrlping a r e  p l o l . t d  d s  a f u n c t i o n  
1 o f  tenpera tu re .  
The LIMA iec i in i r l ue  i s  very  useful f o r  co~npar ing  t ; l e  t e n p c r d t u r c  
dependent c h d r a c t e r i s t i c s  ot one polylnt?r w i t h  dno thc r .  !I: t h i s  st.utl,y, 
rnater i  a1 t h a t  tias n o t  bce;i i rr-ddi d ted  lids beer1 charzc!er ized i l l  b o t h  Llic 
,I' 
-- -.- . 
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F ig .  23. I ' ho t , r rq~  , iph  o f  ]Mi:, t c l u i  l ? r i ~ ~ ! t  t .  
, I '  
. y . . -  I I . : ,,. . . . , ,  
. i  
.-. i '  ---." '' 1 
\ ! -.\ 
.I 
. ( 6 1 
, \ .  
I 
r '  
I / ii 3.6 Degradat ion I 'roduct Chcnr~i c n l  Ana l ys i s  
. ,/ f t  
/ I ' 
" '. 
Resu l t s  f r o ~ n  t h e  dynaini c-emechani ca1 and lyzer  and therrnomecharli c a l  
'.I i 
: I ana lyzer  ( t o  be  p resen ted  i n  a  l a t e r  s e c t i o n ) ,  i n d i c a t e  t h a t  by i r r a t f i -  
I , I  i -,;. 1 1  , a t i n y  a  y raph i  te-epoxy composi l c ,  degrada t ion  p roduc ts  w i  I 1  be  yeneratet l  
--q .-.. ' 
,$; \1 
. i.. t 
--.- ' " , due t o  cha in  s c i  s s i  on i  n j  and cross1 i n k  break ing.  These dey rada t i  on 
! p roduc ts  can be  i d e n t i f i e d  by u s i n g  I n f r a r e d  Ar id l ys is  and Mdss Spectra- 
, ,  [ 1 scopy. 
. :  j 
1 ~ '  Once degrada t ion  p roduc ts  d r e  i d e n t i f i e d ,  and by knowing t h e  c.herni- 
1 ;  
: I  c a l  s t r u c t u r e  of t h e  o r i g i n a l  m a t e r i a l ,  t h e  p a r t s  o f  t h e  epoxy macronio- i 
-- ... 1 . l e c u l e s  which a r e  s u s c e p t i b l e  t o  e l e c t r o n  r a d i a t i o n  can he discoverTed. :---.. 
L I 
I From t h i s  i n f o rn i a t i on ,  i t  may be  p o s s i b l e  t o  p r e d i c t  a  degrada t ion  
- /' 
..--.I' . mechani srr~ and p o s s i b l y  e x p l a i n  t h e  observed changes i n  rncchani c a l  p r o -  
*' . . 
r p e r t i  es of  t h i s  y raph i  te-epoxy system. 
,I 
.I f ,' 
' /  
' ,,' , 
,.I' .; 
I -. 
Degrada t ion  p ro tJuc ts  a r e  e x t r a c t e d  f rorn t h e  i r r a d i  a ted  com;~osi t c  
mate l - ia l  by b o i l i n g  a sarnplc of t h e  i an l i nd te  i n  acetone. The n e x t  s t ep  
i s  t o  l e t  t h e  dcetone evaporate, l e a v i n g  behind a r eb l due  c o n s i s t i n g  o f  
t h e  r d d i  a t ion - induced  deqrada t io l l  proc!ucts. This r e s i d u e  can be  p l aced  
i n  an i n f r a r e d  and lyzer  and/or niass s l ~ec t r o i ' i c t e r  t o  che~r i ica l  l y  i d e n t i f y  
\ 
> .  - 
!,"; 
I 
I ' I - -  
i t s  c o n s t i t u e n t s  ant! c h a r a c t e r i z e  these  i r r a d i a t i o n - i n d u c e d  byproducts ,  
3.7 i'her-rnal C y c l i  2 9 '  
I n  an extrer~:r.ly c o l d  envir-onment, l a r g e  t h e r ~ n a l  str.esses rridy 
develop r r i  t h i n  a  composi te  larrl indtc. due t o  t h e  ~i i isrnatch i n  t h e  c o e f f i  .- 
c i  ent of therrnal axpdnsi on ( C T t )  I J ~  ,~d. jaccnt p l  i cs a t  d i  f f  e r c n t  o r i  r n t a -  
t i o n s  j4iiI. I f  t h e  i n p l a n e  normal s t r e s s  I)ecomcs s u f f i c i  c n t i y  l d r c j p ,  
: \ t r ansve rse  cracks (rsicr-ocrackil l ! ]) w i  1 1  r e s u l t .  id\ 
, 
. , 
\ '. 8 \ - 1  :-. '., " I 
- ._. 
-.-  4 r-.. . 
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i S ince  t h e  g raph i  te-epoxy m a t e r i a l  used i n  t h i s  s tudy  becomes very  
b r i t t l e  a t  low temperatures and very  p l a s t i c  a t  h igh  temperatures whert 
---- 
- .  --- i r r a d i a t e d  ( f ro in  r e s u l t s  t o  b e  p resen ted  i n  a  l a t e r  sec t i on ) .  1 t s  t h e r -  
mal l y  induced m i c roc rack i ng  behav io r  may b e  d l  t e r d .  S i nce  t h e  t r a n s -  
i 
verse  modulus of e l a r  t i c i  t y  i s  s i g n i f i c a n t l y  inc reased  when i r r a d i  at&, 
I 




x Test  specimens, used i n  t h i s  p a r t  o f  t h e  s tudy,  were c u t  f r o m  the 
, . [ o / 9 U l s  panel  o f  13UU/934 graphi te-epoxy.  Sanlples had a l e n y t h  o f  6 
I 
i nches  (15.24 cent imeter<,)  and a  w i d t h  o f  0.5 inches (1.27) cent ime- 
. j 
i: t e r s ) .  Test  specilnens were u l t r a s o n i c a l l y  C-scanned and exatrined by 
'$ 
, I o p t i c a i  m i c r o s c o ~ ~ y ,  p r i o r  t o  use. t o  i n s u r e  no m i c roc rack i ng  o r  de la in i -  




n a t i o n  was  present .  The edyes of t h e  lamina tes  were p o l i s h e d  t o  a i d  i n  
' I  
, ; o p t i c a l  exainirintion. l J r i o r  t o  thermal c y c l i n g ,  a l l  t e s t  l am ind te r  were 
. b 
p laced  i n  a  vacuulli d r y i n g  oven (1.U x 10-" t o r r ,  l lU °F )  f o r  n minimuln 
, p e r i o d  of two weeks. 
I The [o /9Uls  colnposi t e  la ln inates were exposed t o  ei:h o f  t h e  f o l l o w -  
i n g  condi t i o n r ,  and checked f o r  microcrdc l< ing.  
1 )  B a s e l i n e  (as i s )  
2 )  I r r a d i a t e d  (1.0 x l u l U  rads ) .  
3 )  5UU ther l l ld l  c yc l es  (i2'3U0f: ). 
4 )  F i r s t  i r r a d i  a t cd  then thermal l y  c y c l  cd. / 
I 5 )  F i r s t  t h e r ~ n a l l y  c yc l ed  then i rrdd iatec l .  
I 
I .  - 
i 
I I -\ 
I t 
I j 
I ,  
i - .- 
1 
, 
' ,Q&P I 
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The thermal  c y c l i n g  equipment used f o r  t h i s  s tudy  was b u i l t  a t  t h e  NASA- 
Langley Research Center  and i s  i l l u s t r d t e d  i n  F ig .  24. The apparatus 
. . 
has a  h o t  chamber t h a t  i s  k e p t  a t  +2S0°F (S94K)  and a  c o l d  cha~iiber t h a t  
i i s  k e p t  a t  -2SU°F (116K). SpecSrnens a r e  p l aced  i n  a  s l i d i n g  t r a y  t h a t  
s l i d e s  from one chamber t o  t h e  n e x t  and back again. Therniocouples 
a t tached  t o  t h e  samples r e g u l a t e  soak t imes. 
I n  p r e p a r a t i o n  f o r  ther inal  c y c l i  fig, the  p r e p o l i s h e d  composi te  
specimens are p laced  i n  a  s t a i n l e s s  s t e e l  "bag" as shown i n  F ig .  25, 
,/ - 
,. -4.- 
The "bag" i s  then welded shu t  and rt vacuum i s  pumped c r i  t h i n  t h e  "bag". 
A s t a i n l e s s  s t e e l  screen "box" keeps t h e  "bag" f roni c o l l a p s i n g  on t h e  
co~nposi t e  laminates.  The s t a i n l e s s  s t e e l  "bag", c o n t a i n i n g  t h e  t e s t  
, % specimens, w i t h  t h e  vacuus p u l l e d ,  i s  showrl i n  F ig .  26. The "bag" i s  
: ,P then p l aced  i n  t h e  s l i d i n g  t r a y  of t h e  thermal  c y c l i n g  equipn~erit, F ig .  
27. 
Once t h e  co~nposi t e  1  ami na tes  have r'ecei ved t h e i  r app rop r i  a t e  cxoos- 
u re ,  t h e  p o l i s h e d  edges a r e  i nspec ted  b l i t h  t h e  a i d  o f  art o p t i c a l  m i c r o -  
- " - .  - scope f o r  ~n i c roc racks .  I hc  l a m i n a t ~ s  were a l s o  i nspcxted w i  l h  x-ray 




i 3.8 F r a c t u r e  Sur fdce Ana l ys i s  
d 
i A scann,ing e l e c t r o n  microscope ( S E M )  was used t o  examine t h e  f r *ac -  
- .  
t u r e  sur faces o f  t h e  lamina tes  broken d u r i n g  ttl-o rnechan;c?l t e s t i n q  
phase o f  t h i s  s t udy -  Mechanical  t e s t s  were per fo r~ne t l  over  t h e  tempera- 
f 
ture range of -2bU°F (116K) t o  +25U01: (394K) f o r  b o t h  t h e  non-i  r r 'nd i  a t c d  
and i r r a d i d t e d  cond i t i ons .  Hy g r e a t l y  maqn i fy ing  t h e  f r a c t u r e  s u r f  aces 
..- . 
o f  tnese  lamin' t tes, d i f f  crenccs i n  f a i  l trr 'e [nudes w ~ r e  observed. nhser.-. 
.. . - -. --- 









I ,  
3 .. .' 




v a t i o n s  o f  t h e  tenipcraturt!-dependent bchdv i o r  o f  t h e  non-i  r r a d i a t d  
la rn ina te  f a i l u r e s  were co~npared t o  t h e  i r r d d i a t e d  1a111inatc f a i  1 j res.  
(Note: these  la~n i r?d tes  cdnriot ac tud l  ly b e  observed a t  t h e  t z s t  t c~npcrd -  
t u r e  used.) 
,' 
SEM i n s p c c t i  on wss wade or) t h e  m a t r i  x-dorni natect F r a c t u r e  su r fdces  
o f  t h e  laminate.  Th is  la rn ina te  f a i l s  i n  p u r e  tens ion .  Observa- 
t i o n s  were a l s o  llla(je on t h e  [ lU], ,  l an l i r l a te  w i ~ i c h  shoulcl f d i l  mos t l y  by 
shear [31:1. I n s p e c t i  or1 of t h e  ~l l lq  lanl i  na tes  was 'mpossi b l  e, s i n c e  
t h e s e  lamina tes  a r e  alrnost co lnp le te ly  d rs t rboyed  a t  f a i l u r e .  I n s p e c t i o n  
o f  t h e  [4514 f r a c t u r e  s u r f a c e  wds n o t  deemed a p p r o p r i a t e  s i n c e  t h i s  
l a m i n a t e  F a i  1s i n  a mixed t ens i on  and shear. mode. 
Phot2,graphs o f  t h e  f r a c t u r e  surfac.es were tdl ten f o r *  b o t h  t h e  non- 
1 
1 (-\ i r r a d i  a ted  and i rr'adi a ted  [Y0j4 and C10I4 i an); nates a t  a1  1  t h r e e  t e s t  
b t;emperalures (-2T;0°F (116K), rooin tnnperd tu re ,  and +2SU01: (394)o)  a t  
, -'b 
m a g n i f i c a t i o n s  o f  3 7 5 x  and 3,3UOx. A1 1 f r a c t u r c  s u r f  a c ~ s  w e r e  coa ted  
w i t h  go l d - - pa l ?ad i  urn p r l o r  t o  SEM i nspect ior l .  
I V ,  RESULTS 
i I The resu: ts  ob ta i ned  i n  t h i s  i n v e s r i g a t i o : ~  i n t o  t h e  e f f e c t s  o f  a 
space envi  ronment on graphi  te-ep0x.y colrlposi t c  can be d i  v i  ded .in t o  t h e  
f o l  l ow i  ny t h r e e  t o p i c s :  
1) The e f f e c t  o f  e l e c l r o n  r a d i  d t i o n  on i n p l a n e  inccharri c a l  propc?r- 
t i e s  o f  t h e  composi te  as a f u n c t i o n  of temperature ( s e c t i o n  
1 2 )  C h a r d c t e r i z a t i o n  of t h e  degrad ing  e f f e c t  of r a d i a t i o n  on t h e  i 
.. .- 
epoxy r e s i n  cndtri x I na te r i a l  o f  t h e  composi te  ( s e c t i o n  4.2). 
3 )  ' ~ n s ~ e c t i o n  of t h e  f r d c t u r e  su r faces  produced by f a i l u r e  o f  b o t h  
non- i  r r a d i  a t e d  and i r r a d i  atcci grapf.t i  tc-epoxy 1ami nates ( s e c t i o n  
/ 
4.1 E f f e c t  o f  Rdd ia t io i?  on I4echanical P rope r t  i cs 
- .-._ l--.-"---"-. - -.- ---. -.---- - -----a --.--- 
The el d s t i  c  a?d s t r c n g t h  p r o p e r t i  es cf 1'3(JU/!)34 y r d p  h i  te-epoxy arc? 
pr'escnted T'i r s t  w i  t h  t h e  nori- i  r r  a d i  d i e d  lant ir iatr!  data,  and then secondly 
by addin!] t h e  i r r ~ d . i a t e t f  d a t a .  1 - i  gu: es 28 t h r c u q t ~  31 a r c  t h c  s t r e s s -  
s t r a i n  cv r kcs  ( d s  a Ptcnction o f  teinp?r?.:i~;.c) f o r  nori- i  r rac l i  d t r d  
T301)/934. The d a t a  i n  F igs .  32 th ru~ 'g !1  35 a r e  tbc  s t r e r s - s t r a i n  curvcs 
w i t h  t h e  i r r d d i d t c d  t ld td  added. i(eriul ts For t h e  nun- . i r rad)atec i  e l as t - i c  
p r o p e r t i e s  as a f,.inctisn o f  te :~~~pera t .u re  arc? i 5 l u s t r d t c d  <I?  F i g * .  36 
th rough  632 and w i  Lti t h e  i r r3ad i  n t e d  d a t a  dd(ie(i, F i  !IS. 43 tt~r.o~rgR 40. 
e 
Yon-i r r a d i  a ted s tper ty th  t i n ta  i s  3r.cscntcct i l l  F;.;:;, SU tt1ro:rr~il 54 a r f l  
r v i  tti t h e  i r r a r l i a t~zc l  drl!;a (idclod, F1o,sv 55 t h r o ~ ~ c j n  >9 ,  A l '  t p s t  , r l ~ t s .  a r e  
t a b u l a t d  111 Tabl:.s 0 t i i r c~ugh  t3. 1301 .  c l i d r t s  of  t , c l n l ; c r . d t ~ f ~ . - d e ~ ) ~ ' n l j ~ ; l t  
. , 
('-- h l) 
/ . 
"C1 
_ _  ,-., . I .* '  
a 
I 
charlgcs (co~npared t o  room t e n p e r a t u r e )  i n  mechanica l  p r o p e r t i  es f o r  b o t h  
n o n - j r r a d i d t e d  and ~ r r a d i a t e d  l a m i n a t e s  i s  shown .in F i g s .  60 and 61. k 
b a r  c h a r t  of r a d i  d t i o n - i  nt luced changes i n  mechanica l  p r o p e r t i  es as a 
f u n c t i o n  o f  t e m p e r a t u r e  i s  stiowri i t t  F i  y. 62. P o l y n o ~ n i a l  r e g r e s s i o r l  
c o c f f i c i e r i t s  a r c  l i s t e d  i n  Tab les  9 t h r o u g h  I!.. I n d i v i d u a l  t e s t  r e s u l t s  
c;re t a b u l a t e d  .in the appendix  (Tab les  A 1  t h r o u g h  A4).  
4.1.1 S t r e s s - S t r a i  n  Curves 
-.---"- 
. . 
The d d t a  p r e s e n t e d  i n  F i g s .  28 and 32 show t h a t  t h e  s t r e s s - s t r a i n  
b e h a v i o r  i s  n e a r l y  1 i nea r  f o r  b o t h  t h e  non-i  r r a d i  a t e d  and i r r a d i a t e d  UQ- 
m a t e r i a l  a t  d l 1  t e s t  temperatures .  The O o - m a t e r i a l  does e x h i b i t  a 
s t i f f  en i r ig  b e h a v i o r  a t  tli g h  s t r a i n s ,  as expected,  f o r  a l l  t e m p e r a l u r e s  
Very l i t t l e  t c r l l pe ra tu re  dependence i s  n o t e d  (F ig .  28). Electron 
i r s r e d i  a i i o ~ l  tends t o  increczse s j i g h t l y  t h e  ~nadu lus  a t  d l  1  t e s t  tetiiper-a- 
' \\ 
turcs ( F i g .  32) .  
,' 
>".,' 
A x i <  l s t r ~ s s - s t r a i n  b e h a v i o r  f o r  t h e  o t h e r  la rn i r l6 tes  f s  r o u g h l y  
/ 
l i n e a r  a t  l o w  and rooin te inpe ra tu res  fo r .  h n t n  t h e  n o n - i r r a d i d t e d  and 
i r r a d i  a t e d  case!; ( F i g s .  29-31, 33-35). i r t  --2SU°F ( I l b K ) ,  t h e  ; t ress -  
s t r a i  r l  cu rves  a r c  e s s c n t i d l  l y  l i n e a r .  As t h e  L e s t  trwpc:ral:ure i s  
I ,  i ncrcased,  the e l  a s t i c  r i ~ ~ d u l u s  decreases and tlie t l c g r r c  ~ : r '  n o r ~ l i n e a r i  t.y 
.- i l ic rcases.  S i  g n i  f i c a n t  R U G ,  i ne31.i ty i s  n o t e d  i n  thc  h i .hav io r  o f  t h e  
1 7 c ion- - i r rc ld ic i ted  i a r r 3 i ? 3 t ~ s  a t  :he e l c v a t e d  c m p c r a t u r e  ( F i g s .  29-31). 
T t i i  s b t i t rav ior  i s  as expt;,.tcd i n  v i  chw uf t h e  kriow:~ i n f  l t ~ ? r ~ c c  o f tenpera -  
t u r e  on thc? rel;i?otlse of  t h e  egoxy m a t r i x  m a t e r i a l .  Extrsne n o r i l i n c a r i  ty 
i s  r~sted f o r  t h e  i r ' r a c l i a t c d  ~ i i a t e r i d l  a t  +25!1°!' (394K) (F igs .  3 3 - 3 S ) 0  
' T I I ~S  t)eIiay.ior i s  1  a r ~ y e s t  f o r  t h e  [ l ~ ] ~  clnd C 4 5 j 4  l am.i nd tes .  








7 0 ORIGINAL PAC& I@ 
OF POOR QUALt'li? 
F i g .  35. !+oir-l[ rt,itdi a t w i  Str-e%s-Stra'i n Curves C ~ m y ~ t r e t i  o  
I rrtt:li ' ~ t e d  Sf:r.~?ss-Strdi n Curves for- t h e  I-%PI I,,uai t.ral:\r 
as GI J.^un~Cilot~ of Teinpea'aturc. 
i- 
'P 
,n r . , -. , IP  -. , *%"+R .". \ 73 
h-. ,mu.*kw*-&,,~ . , ~ S ~ ~ V ~ U U W ? M W  &Jl,m~.+o,rvirkd-~,  -,-w..&,+-.+-.ui * i e & r . ~ ~ ~ ~ ~ w ~ ~ f & ~ m ~ & ~ w ~ n ~ m t ~ x ~ ~ , ~ ~ & ~ % ~ ~ . ~ ~ ~ ~ ~ ~ ~ i L @ ~ ~ i ' & i ~ @ & d ~ ~ ~ h ~  
/' 
4.1.2 ---- E l a s t i c  P r o p e r t i  es 
0"-I-amir~dte'  E l t l e e x p e r i ~ ~ l e n t a l  r e s u l t s  f o r  t i l e c l a s t * i c n ~ o d u -  
- - - -  *-:-k'
- ]us, E l ,  dre p l o t t e d  as a f u n c t i o n  of  t enpe ra tu re  Fo r  t h e  n o n - i r r a d i a t e d  
1 
i 
m a t e r i a l  i r ?  F i g .  36 and f o r  t h e  i r - r a d i a t i x l  ~ n d t e r i a l  i n  F i g .  43. F o r  t h e  
E 
t r ~ o n - i r r a d i a t e d  ~ r l d t e r i a l ,  t t te  ~nvdglus i s  2 t o  3 pe r cen t  h i  yher  at; t h e  
'ti 
p '* e leva te t i  t rsaperdture a n d  rough ly  ur~changetl aL t h e  low ';elnperature, dr ,  
I j 
i co~~rpdret l  o  t h d t  111edsur.cd a t  rooin t a a , j i ~ r d t u r e  (F i  y, 36). F o r  the  i r r a -  
,' ! 
; 'r: d ia te : l  r na t c r i d l ,  t h e  r!lodulrrs i s  o n l y  4 t o  5 pe rcen t  h i ghe r  d t  t h e  e leva-  
I ( 
1 1  t e d  t ~ : ; p e r a t u r e ,  and aga in  alt l lost uncbdnyed a t  t h e  l ower  temperature 
i' 1 1  
' 5 
1 ( F i g  4 )  There i s  Inore s c a t t e r  i n  t h e  d a t a  for. t h e  I r r a d i a t e d  ~ l l a t e r -  
i;' 
, C i d l .  Over i h r  c n t i  rc? t t r l i pe ra tu re  range, t h e  i r r a d i a t c d  rndter ' in l  has a 
,i 
i h i g l l c r  ~rrot f t l l~ ls of e l a s t i c i  ty than  t h e  non-i  r r n d i  irtec! n ~ a t e r i a l  ( F i g .  
1 
r :  43) .  This i n c r e d s e  i s  f rum 2 t o  4 j ~ e r c e n t .  
1 
I , Since  f i!~er. p r o p e r f i  cs a r e  inclol~ent lent o f  Tetapei.'aturtl (over' t h i s  
, range) ,  t i l e  'iv;ipc3rnturc ctcpendence ob:;tv.ved h e r e  i s  it fur ict . ion o f  t h e  
cliancjiny : ~ ! d t r i x  ( ) r o l ~ e r t i  ~ s ,  f i b e r  w d v i r ~ ~ s  i ,  drld r c s i dud l  s t resses  1.42, 
. , 
.* 1 431. The h i q t ~ c r  rilotiulcls d t  t h e  e l eva ted  Qmpr r s t u r r r  i s  b e l i e v e d  t o  I ) ?  
!# due p r i m a r i l y  t o  reduced r '~?s~Ou,rl st.resses which rc!sult i n  lower  ~ r r a t r i x  
I, 
1 s t resses .  Lawer s t resses  i n  t i l e  ~ n ~ t t r i x  result!, i n  3 h ig l i e r  ri~odu'luc, o f  (1 i t h e  c o ~ ~ l ~ ) o s i  t e  tiuc t.o t h e  a!)sence of noi l l  i rear i nd t r i  x bel:avi o r  arld f i b ~ r  
' ;  I w a v i  nc3ss 1'35-41 1. 1! 




! . '  
i / I  U 1 
r p' 
f : "as 
I' i i ' 
1 L here t t l n t  e l e c t r o n  i f - r a d i d t i o n  a c t s  t o  re(iuce r e s i d u a l  s t r esses  i n  t h e  ! 
1 ? 
epoxy i na t r i  x r e s u l  t i  ng i n  somc?what h i  Y~IL.,' s~odul\rs,  I 1 
, I. 
i . 1 .-I l o U - L d a i r i a t ~ .  i ~ e w l r z  f o r  t h e  a x i , ~ l  i i l o t i i~ l i l r  o f  t i l e  [18jq 1si11inat:e 
1 .;, I -.I I,',' , ' 
,/! , I a r e  shown i n  F i g .  37. The f t~odu l~ rs  o f  t h i s  1nii:iriatc e x t l i h i t r  a l i n e a r  
1 t 
. . temperature deperidencp, w i t h  l a r g e r  ~ d l t ~ e i  of s t i f f n ~ s s  a t  l ower  iecnp~r -a  
i a tu re r .  Modulus va lues nl-c 22 l ~ c r c e r ~ t  h i qher a t  -2SUQF ( I l h K )  find 22 
* I 
. i pe r cen t  1 ower a t  +250°F (J94K) ,  when con~pdre l  t o  rooin t oi.jlcrdL~,re. 
I 
I 0 0 t a  tdken fro111 i r r a d i d t d  Id ! i l i n r t cs  a r e  added i n  F i g .  '14. At d l . l  t 
. i '  tnnpera tu ree ,  t h e  i l lodul i  f ro in  :he i r r d d i d t r d  ma te r i d1  a r c  lower  t l l d o  
> 
I 7 those  taken f r o i l i t h e  non- i r - rad ia te<;  t i iaCurisI. Thuse va lues r r n g e  f ralii 7 
, - i j perce! i t  lower  d t  t h e  law t e s t  tnnf)erdtur.c t o  26 pe rcen t  lower  a t  (t ic . '  1 .  
' I  h i g h  t e s t  tetnperature. 
I 
7,. ~ ' i  Note t i l o  t t he  10'-of I" ax i  r sli  rci l l l ;hr i  v~a.; chosen Lo ineas~:rp shc.,~r 
--- 
L e e  I 
r! s t r e n g t h  on l y ,  t h r r e  r e s u l t s  hiivc Seen ir ic1ii: l t~d f o r  r h p  s a k ~  o f  ctsx- 
I >  p le ten r ss .  I 
4b0-Ldiili i ~ d t ~ .  F i  9. 3t1 presen ts  lilt a x i  21  in:;drile(; o f  t t l e  [45 jq  
-^-----I--,X.. 
I 
8 lilninate as d f u n c t i o n  of t ~ l p ~ i * n L i ~ r ~ .  A lineal. de;,i~ndeoce i s  nc,tc*-J, 
I i 
~i t h  1 d r p c r  vdiees of ~ l iodulus o c c u r r i n g  ildc 1 uwrr l e i i ~ j i r * r ( ~ t u ~ t l s .  Y t i  if- 
I I 
' /  I aess vnliles a r p  55  , ~ c r c m t  h i g h ~ r  a t  -2bU"F (116K) arid ! I ,  lower  1 a t  +2SU°F ( 9 ,  wAc:~ ~ t i r n p ~ l r e d  t o  rooln ta!~~rer,itu;,c. 
, >  
D d t d  f 01% thr .  i i.r.ddi d i e d  1 dllii n e t e s  d1.e ,ldclt>(j i n F i  9. 35. 4; 1 or, 
t t%i iper~i t .urec, tlli. ;lioduIi fru:n tliir i i  r d O i l t l r d  i , , a t e r i C ~ l  a r c  idrye,. l l l d r l  
t"' 
I t ho re  i r o l : ~  : .ha .on-i i.:-~~ii a L ~ a  ! rat  tlri d l .  A t  h! y l l  tt~n!pei.atures, t l i a \c  I 
i vaiucs  .,re s is ,~ l  l c r .  11 t h r t ~ t ~ - ~ ~ r c e t ? t  i n r P ~ i 5 i '  over rlon-,i r l ' dd i  ,,t,r,i: d,+ia 
I '  
1 .  
~ N S  * i r i ~ i ~ ! d  d i  i lh)  l u a  teil.  t t c  arlil ,I %5-- j :pr*rc~nt ~~( !c I .F~sP 1 5  ,i(,;,li3 
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1 ! I 
Again, n o t e  t l ~ a t  tlip 45Y-o f t  a x i s  s p u c i ~ ~ l e n  \!as cllosen p r ' m a r i l y  f o r  
'hear :notlulils iN~?Stlreiic.nLs. T l ~ ~ s c  rc511l t s  h a ~ r e  i ~ ~ e f l  i nc l l l ded  l o r  t l l c  
sake  of c o r n l ~ l e t c ~ ~ e ~ s .  
a 9 0 ~ - ~ a i r i  ridre: EL. Ihe  r e s u l t s  f o r  !.he t r a n s u ~ r s e  modulus. E2.for 4 
9 t h e  non-i w a d i  a t i .  ~ r i a t r r i d l  , i n d i c d t e  ti1r.t  here i s  33-per.cent I 
i n ~ r e d ~ ~  t  t h e  low t rmpe r f l t u re  d n d  a 10-.p,?,rcent decrease s t  t h e  h ig l l  j 
." t c ~ n ~ e r ~ t u r ~  ( d s  ~ ( l i r ~ p a r ~ ~ i  T O  r-uo~it l e f i ~ p e r d i u r a .  F i g .  39). I h c  e p ~ x y  
I t ~ ~ a r r i x  material i s  s t i f t e r  a t  t h e  ) O K  t i v i p ~ r . l t u r e s  dnd s o t  t e r  a t  t ~ i g h  
a I 
Ei'oxies a re  known tu r x h i l l i t  t h i s  t y p e  o f  !,ehaviur. 
'The 
i r i-ddi a ted  case  shows a 40-percent  ! ncrndse  a t  t h e  low t c r  t t n ~ e , . d t u r .  
and d 35-percertt decrease a t  t h e  t l i g l l  i w : p e r n t a r c  (F ig .  46). Also, a t  
POOUl f nnperature,  tlie i r r d d i  aL rd  modulus i s  r l  ready 1 U  percen t  t l i  g h ~ , .  
than  t h e  non- i  r r a d i  c l t ( 2 i I  fflodulus. Thi 5 111 .ices t h c  i r r d d i  a t 4  inateri r i  
r ' d d t d  I tli,:n t h e  non-i  r r a d i  ate;! dnt.1 a t  t i l e  l o w  t e s t  teiaperdtsr.rr .  
1 b u t  ?OWPP ?!~JT. t h e  non- i  rr*.ri!l a t e d  i i i d t e r i d l  a t  tile el ravared t o i l p ~ r . i i i i r p  
( F i g .  4 b ) .  
A l o h i l r  t ransvrt .sr  ~i to( iulus d L  t t i c  ( 5 1  avatcd t~inptli..itu - c  l o r .  t h e  
i r ! . d f I i  dierl c r s e  as coi~lpori?d ai t h  ( ' 1 ~  n o n - i  r r n d i  o t r d  111, t e r j  j q ccn.,. 
s i r t e n t  wi t i1 t h e  inc r - t~escd  ~ ) l a s t i c i  ty i l o ted  i~i t h e  ! . t ress - *s t ra in  
CUPVPS. i J p ~ n  ir l -a i i i  a t i o n ,  t h e  el as  t i c  rnoclril~lr d ? c r i > . l ~ c ~  tile r leyrcl? 
o f  ao~ : l i  naa r i  t y  i ocrrasec d f  tkr el e v a t c d  tcnlpcr-.iturt.. Tilt. be i iav io r  of 
1 . h ~  t r ~ i i s v r r i i l  ~ l i ~ d ~ l ! t i  ti?,?  ti t ~ i t  < 3 i l ~ ~ l d % ~ l * ~ 1  i s  1 1 0 t  n h  c d s i  l y  
ex l ) l a l  ilt.3 (i r r n d l  i l t c ' i i  ~ ~ ! i t [ i k t r r ' i l  t o  f lo l !+- i  f r d d i  d t ~ d / .  Sctiii~ 0 t h ~ ~  ctt i 'ct  
111usf o r  t h s l ,  cd!l r io t  b e  i c r : ~ t l f i r d  a t  t,hi.; i ime. A lso  note? 
h e r e  t!l<ir r e i  ; d u d !  ~ t t  ~ A S S P S  110 f l o i  p l j ~  a I?(-ge d p i l l  d t f  p i t -  
83 
I-\ 
i n g  trarisver.se n iodul i~s as corr~par.r?d t o  t h c i  r irlf lucr rce i n  t h e  f i b e r  
d i  ric:tion. 
Shear ttodulus. &!2 
P.. 
F i y l l r e  4 0  stio\.ts t h a t  t he  shear rnotlulus o f  t h e  
n o n - ~ r r a c i i a t e d  m a t ? r i a l  i s  7'3 pe r cen t  h i ghe r  a t  t h e  low tempera tu re  and 
I 
/ 18 pe rcen t  lower  a t  h i g l ~  tcir;:2rsture, as co~npared t o  room tanperd tu re .  
i ' i i s  i s  c o n s i s t e n t  w i t h  the  r?poxy 's  behav ia r  a s  shown i n  p rev i ous  
r e s u l t s .  For  t h e  i f r d d i a t e d  n a t e r i d l ,  t h e  skiear alodulus i s  45 pc rccwt  
h i g h e r  a t  t h e  lnvr t e s t  ter:iperaturt? ant1 49 percr r l ;  ;owe? a t  t h e  r . * ! ~ . l d t i ~ d  
. .. 
t e i n p e r a t i ~ r s  (as co~npal-ed t o  roolri t e~ rg l e ra tu r r ,  F i g .  4 7 ) .  Over Ihc! c ; i t i  r e  
tempera tu re  rdrrye, t h e  shear iriodulus f o r  t h e  i r r a d l a r e d  case i s  eqtral t o  
. . 
o r  lower  thari t h d t  lnedSurt?d f o r  t h e  r a n - i  r r a d i  d ted  1 i i 3 t ~ ' i a l  (Fic j .  47) .  
The t la td  rdnge f rorn r-ouyhly equal d t  t h e  lower  t w i l ~ c r a t u r e  t o  3U perccnt;  
l a ~ c r -  &t. t h e  i i i g l i e *  tu l t ipcrature ( i r r a d i  d ted  .coinparcrd t o  ~~on.sui r.radi d t e d ) .  
t t l res ,  wher e t h e  i r r a d i  a t cd  alater-i d l  becortles ~rilrc!! rnorc p l as ti c t h a n  t l r c  
rron.-i r racd i  ,ttucl r n a t u r i a ; ,  t h e  shear, ~ncciul:~s tlccreases, A t   OWE'^" L ~ : l p ~ r ; g - .  
r e s ~ ~ l t s  for, t h e  n:rr-i rrl;di,!t-.'!l cdse  s:rO\fi :hat Puisson':; r a t i o  ~-eiltalns 
t u r e j ,  where rlo p l a < t i c  behavior '  i s  ot)sc?rv@d i n  ei !:her t h e  ncm-i rr.crd.i- 




non-f r r a d i  a ted and i r r a d i a t e d  n!,\t er7ais ,% 
i ; 
1' 
..----.---.-. I 'n isson's R a t i o .  '--$2-* \I P o i s \ o ~ ~ ' \  r c l t . i o  u 1 2  wits rneasurr~d ( ~ L I I ' ~  i q  tR(? 
Lj0..materk4il tcc,t tby t,tk i ng t i re  rttt i o  o: t h e  s t r d i  r~ i ; lrasi~r-ed by t h r >  
4 
i ( F i y .  41). This i n c r e d s e  a t  h ighe r  P ~ l p e r d t u r e s  i s  c o i ~ s i s t e n t  w i t h  t h e  
,/C 
,,' 
i o c r e a s r  i r r  p l a s t i c i t y  a t  h i  y h s r  t ~ l p c r a t a r e r  ~ r o t t i d  i n  t h e  s t r e s s - i t m i n  
rn a behavior .  The i w a d i  a t ed  da ta  exhi b i  f s  a 40-percent  i n c r e a s e  i : ~  
I 
Po i sson ' s  r a t i o  d t  the  t . levate0 tm)it?mture, h u t  also a 30-percent  
- 1 '  i n c r e a s e  <it t l ~ e  low t e i l ~ y e r d t l ~ r e  as we11 ( a s  r u ~ ~ i p ~ ~ r ~ d  t o  TOOCI ~BIIIIPP~- 
" I 
I t u r c .  F i g .  4 )  Poissonls  r a t i o  f o r  t h e  i r r d d i a t c d  l n d t r r i a l  1 5  i i i g b e r  , 
Lhdfi ti'.. non-i  r r a i l i  a l l d  i11atcr.i a1 d t  !,otIl h i  y h  aorl lo*. t *npprcf t \~ l .es,  t,,lt 
lower. a t  roorrl Lenperd tu re  ( F j y .  4 q \ ,  
'? , - P o  The l a r g e  i n c r e a s e  i n  Po isson 's  r a t i o  f o r  the  i r r d d i a f e d  d d t a  a t  
> !,' 
e l eva ted  tan:~t~ratur-es i s  cons is ten t .  w i t h  t h ~  rx t r+? i ic  d o o l t t i t ~  o f  p l d s t i c -  
- -. i t y  noted  a t  t l l i c  t a n p e r d t u r l  i n  t h e  s t r e s r - s t - a i o  Curves. Howev~r ,  thr 
reasor1 t o r  t t t e  inct-edse i n  Poisson 'c  r a t i o  a L  the lniv twnpera tu re  f o r  
" 
. . t h i s  r i ia ter i  a1  i s  n d t  irnoli4li a t c l y  a p p d r e n t .  
,- The Pnct I Po?sson15 r d t i o  i o t a  t h e  i r r d i ! ;  + t e a  I R ~ L P P ~ J I  i s  lijqLr 
than t . h a t  f o r  t h e  na.1.-i r r d d i  d i e d  ~i la t t t r - in  i a t  root]  r a ~ p e r d t . u r e  
.e 
a t t r i  t ) i~ : (?c l  t o  t ~ ~ t l t ~ i e t l  r ~ s i d ~ ~ a :   stress^^^ i o  :he i r ' r t d i  .il'id 0" 1 a r c i ~ d l ~ ~  
/' 
Lower r e r i d .~ . t l  s t r esses  rcs:11 t 1 n s t r a l  g h l e r  f ?Derr. S t r < i i g h t t i r  f i i j c r s  
i 
g i v e  r i s e  t o  a decreased D o i r s o n ' s  ~ ~ n t i o ,  v 1341. I % 
u I !  d.1ti9: . Poisso l , 's  r - n t i a  vZI na: i d l c ~ 1 3 t p d  f,-~,:,t k l ,  
--1-.- 1" ---- --,. ._.. 
E 1 ,  and u s i n g  (XI. 16. i h ~  c a l c t t l n t r d  va l \ i s~ .  f o r  t t l e  non-i i - r a d i a t e 1  
da ta  a r e  f i t ~ t t ~ l  ill ! i g .  4?. Ttlerc i s  ov  r h d n y c  h ~ t r ~ ~ n  r0oni ai;il t ~ i e u z ~ . .  
ttti l ( . l 4 i t l ) t ? r d t t l ~ ' > ~ .  bikL d 34-Pe1~CPt iL  i f l ( . l . ~ . d ~ "  not.ed a t  tile )ow Ciyv\pprd- 
/ t u re .  Ill? rrod11\ii5 i*~!ti i ,~ i . 2 / ! - , ,  i s  I d $ g t J r  ( I : ,  [ t i e  1 0 ~ i  t v t 1 1 p ~ ~ a L o ~ ~ t ~  cttiil-. 
i pared t : ~  i!ie rn~i~ti anj);.rd:i:rp r - d t , ~ )  d r i i  vi, i 5 corl*,rar:t. r t l , , ~ ~ .  
€$El° i s  sma: l e r  dC h i g h  tc~.raperat re comp~red  Lo t h e  roo171 temperature 
value,  dnd v12 i s  Iaryer. lhus, vZl  c'ocs nof* s i  y n i f  i c a n t l y  change. 
I ( .  
The c a i c u l a t ~ d  * * a l u ~ s  For. the irrodiaterl d a t a  ,ir-e :;hewn i n  F i g .  
k 49. There i s  110 change b e t w e ~ n  roo~ri and i.levaPeij ternpcratures, bu?: an 
84 -pe rcen t  i c c r c a s e  i s  noted a t  t h e  low t e i ~ l p e : ~ a t ~ ~ r - ~ .  No t f i f f c r e r ~ c c  i s  
seen tietween i r r d d i a t e d  dnd !ion-it.rhadit!tt!d mi* ter . ia l  fit r o o ~ n  drld clcvatcd 
tr~nperatures. P o i s s o n ' s  r;~ti o, 
"21' i s  ca lcu la te t i  to be larger 2 t  t l ~ c  





i :  88 Q ~ ~ ~ @ N A L .  FdiGE 38 









, Y e m p e ~ ~ a t u r e ,  OF 
1 --.-"-"A - - . - - ,  J ------- "_ I 
I Or] 
c 
200 300 409 
Terpera t u r e ,  K 
r' Fig. 38. bn- l t * rad ta tcd  :Ixia! I b d u l u s  o f  the L.aniirratc as a 14 
L l  






. " -  .- 
.... 
"%I 
- _.- - 
*9 oz!s!YP.;. Ft,iz: 7;: 
OF POOR QUc;LYi% 
Temperature, # 
\ Fig, 39. Eiasw-Irradiated ?4odulrss of Elastie;.Tty, E2, as a Fthroctlsn 
o f  B~,~t@&ratldrer 
// \ 
r- - - - P.-. - , <  --.: .. 
-300 -200 -100 0 100 200 300 
"/ 
Temperature, 'F / 
I ---- 'I ----,..--" -#-w-,-... L --.."--- ..---rn -.'I 
.- 100 200 300 400 
v #  Temperature, EC 
Temperature, K 




94 BR&GilRA?, PAGE 18 
OF POOR QUALIT?' 
1- -L ,-- &.---J -..".--.,----.--. -1 
100 200 300 300 
Temperature, K 
Fig, 44. Wan-Trrad? ated Cu:i':p;tr@d t o  Rrrati1atw.i dxf wl Pfodul f a f  





I QR!@NAI. PAGE II?! 96 




4.1.3 S t r e n g t h  Propart; i  ---. PI; 
0°--Laminate:-Xx F i g u r e  50 shows t h a t  t h e  u l t i m a t e  s t r e n g t h  of 
-- 
t h e  0'-1 ami n a t e  f o r  non-i  r r a d i  a ted  rnater i  a1 i s  h i  y t ies t  a t  room tempera- 
tu re .  A t  -25U3F (115K)  t h e  average s t r e n g t h  drops by 37 percent  and a t  
+250°F (394K) t i l e  u l t i s i a t e  s t r e n g t h  drop? by 13 percent .  A t  t h e  l owe r  
temperatcre,  t h e  r r a t r i x  becor~~es s t i f f e r  and more b r i t t l e ,  r e s u l t i n g  i n  
h i ghe r  r e s i  ..;.di si.r.esses .In< i e s s - e f f i c i  en t  l o a d  t r a n s f e r  i n  r eg i ons  o f  
t;ress io t : r .ent ra t ion sbci i  a.; a t  f i b e r  breaks. A t  t h e  e l eva ted  ternpera- 
t u r e ,  t h c  matr' i  x beco~!:es s o f t  and p l i  i i b l  e. I n  t h i s  c o n d i t i o n ,  t h e  
m a t r i x  9 t o o  p l i  ah1 e  f o r  s F f i  c i  en t  l o a d  t r ans fe r s  arollrrd f i b e r  breaks, 
I and again, t h e  s t r e n g t h  d!*ops. 
r " Uata Pro111 t t i e  i r r a d i a t e d  l a n ~ i n a t e s  a r e  p resen ted  i n  F ig.  55. 
Again,  s t r e n g t h  i s  h i g h e s t  e t  room l:cmper'at.u~-e an<! decrnio.ses by 43 
pe r cen t  a t  t h e  low t e s t  tenpet-ature aria by 27 pe r cen t  a t  t he  h i g h  t e s t  
temperat i  re.  There i s  a l a r g e  arnount of s c a t t e r  i n  t h e  datc-r fo iA  b o t h  
the non--i w a d i  a ted  and i r r a d i  at:ed 1 anii :late:. Ttii s i s  t y p i  ca? o f  u l  t i - 
mate  s t r e n g t h  dd ta  f o r  coinposi tes. 
L i t t l e  d i f f e r e n c e  i s  n0tt.d i n  t h e  u l t i m a t e  s t r e n g t h  o f  t h e  non- 
i r r a d i  a ted  cornpard  t o  'i rr-acli a t ~ d  i ami na tes  o v e r  ~ n o s t  of  t h e  t ~ f l p e r ~ a t u r e  
range. However, a s l i g h t  dccr-case i n  s t r e n g t h  f o r  t h e  i r r a d i a t e d  mater- 
i a l  i s  no ted  a t  e leva ted  t r ~ > p e r a t u r e .  b o t h  lamin i i tes  e x h i b i t  b r i t t l e  
.- 
behav io r  a t  low temperatures (El  data,  F i g .  43 )  wh.ich r e s u l t s  i n  l owe r  
va lues o f  u l t i i i i a t e  s t ress .  On t h e  o t h e r  ha;rd, a t  e l c vs ted  t m p e r a t u r e s ,  




n i a t c r i e l ,  which !eads t o  a dc:cre;~se $ 1 1  u l t , i ~ n a t e  strength. This  i s  ? 
probably clue t o  less e f f i c i e n t  i o a d  t r . a ~ s f e r  a t  f i h c r  breaks. 
10"--Laminate. Rrsul t s  f o r  t h e  i l l  t i m a t e  s t r e n g t h  o f  t h e  [10], 
- -I 
l aminate  a r c  s h w n  i n  Fig. 51. St~.engCh i s  h ighest  a t  room tmipera- 
ture.  Average s t ress  valucs a r e  26 percent  lower a t  -250'F (216K) and 
40 percent  lower a t  +25U°F (3941;), when compared t o  rooln tempcrattrre 
values. 
Data t aken  f rom i r r a d i a t e d  laminates i s  added i n  F ig .  56. Over the  
e n t i r e  temperature range, the i r r a d i a t e d  s t r m g t h  i s  e t t he r  equal t o  o r  
1 ESS than t h e  non-i r r a d i a t d  st rength.  I r r a d i  a t &  data a r e  roughly 
equal t o  t h e  non- i r rad ia ted  data a t  -250°F (116K) and drops t o  a 32 
percent  decrease a t  t h e  e l eva ted  taltperature. 
The u l t i m a t e  stvengt i i  data obta ined from t h i s  t e s t  were t ransfarmed 
according t o  Eq.  5 t o  produce shear s t reng th  data. T h i s  1amisdte f a i  i s  
p r i m a r i l y  by shear s t r - a s .  Ihe  a b o v f  r z s u l t s  i l a v r  been i n c l u d i d  f o r  t h e  
sake of completeness. 
45'-Laminate. f i g .  52 presents the u l t i ~ n a t e  s t reng th  o f  t h e  [45:lg 
-- 
laminate as a f u n c t i o n  of temperature. S t rength  i s  h ighest  a t  room 
tempcratui*e, dropping by 12 percent a t  t h e  low t e s t  temperatul-s and by 
28 percent  a t  t h e  h i  y h  t e s t  tcnlperatclre, 
D a t a  f o r  t h e  i r r a d i a t e d  laminates 1 s  added i n  Fig. 57. Ul t i ~ n a t c  
s t ress  i s  rougl l?y equal a r e  bo th  non-i  r r a d i  ated and i r r i f d i  a t e d  1 nnii nates 
a t  rooni tsnperature. However, a t  -250°F (116K) t h c  irradiated values 
a r e  19 pe rcen t  lowfr than t h e  ncn - i r rad ia ted  valucs,  and a t  +25U°F 
(39410 thc i r r a d i a t e d  values drr 37 pe r cen t  l one r  t i ian t h e  non-i r m d l -  
a i d  valucs, 
/, -' 
. 
No te  t h a t  t h e  45'-off a x i s  specimen wds chosen p r i n l a r i l y  f o r  shear 




90'-Laminate: YT. S t r e n g t h  da ta  i n  F ig .  53, f o r  non-i  r r a d i a l e t i  
laminate,  shows t h a t  t h e  u l t i m a t e  s t r e n g t h  of t h e  90°-matcr ia l  f o l l o w s  
t h e  saliie t r ends  as t h e  0 ' -mater ia l .  The cxper i rncnta l  va lues a r e  h i g h e s t  
*: ,* 
a t  room te r tpera tu re  and drop a t  b c t h  h i g h e r  arid lower  tmtperatures.  The 
I drop a t  -250°F (116K) i s  5 1  pe rcen t  and a 28-percent  decrease i s  
i observed a t  +25U0F (394K). On t h e  average, t h e  u l t i m a t e  s t r e s s  of t he  i r r a d i  a t 4  m a t e r i a l  i s  l ower  t h a ~ i  t h a t  o f  t h e  non--i r r a d i a t e d  d a t a  (F ig.  I 58). S u b j e c t i n g  t h e  composi te  ma te r i  d l  t o  e l  c x t r a n  rad'i a t i o n  a t  room 
r ' tempera tu re  drops t h e  average s t r e n g t l l  by 26 pcrceclt. Thls v a l u e  i s  
I 
i lowered by 60 pe r cen t  a t  t h e  low t e s t  tenpcrc l twre ar?d i s  a l s o  d ~ c r e a s e d  
by 16 pe rcen t  a t  t h e  h i g h  teapera tu re .  Ayd i r i ,  n o t e  t h a t  t l~ure i s  a  
l a r g e  amount o f  s c a t t e r  ' in t h e  data, t h i  r, is t y p i c a l  o f  90' m a t e r i a l .  
Data c o l l e c t e d  f r om  t h e  [:9UIy lamf na tes  causes one t o  conc lude  t h a t  
t h e  epoxy r e s i n  i s  degraded by i r r a d i a t i o n .  The m a t r i x  i s  more b r i t e l  e 
a t  low temperatures and more p l i a b l e  a t  h i g h  t m p e r a t u r e s ,  whets cornpared 
t o  non-i r r a d i  a ted  ma te r i  a1 . 
L 
.,. Shear St rength,  S-. Shear strcn9t.h d a t a  f o r  t h e  t ~ o n - i  r r a d i  a t e d  t e s t  
---- 
c o n d i t i o n  i s  p resen ted  i n  F i g ,  54. A s i m i l a r  t rend ,  as w i t h  t h e  XI and 
Y T  data,  i s  a l s o  no ted  '?ere, The l a r g e s t  v a l u e  i s  mea.;urbc?d a t  room 
temperature, a 26-percc l i t  decrease is observed a t  t h o  i o k ~  t e ~ p e r a t u r e ,  
. ,  
, and a 40-percent  drop i s  measured a t  t l t e  e l eva ted  Le:npc?rature, Ovcrr t h e  
r 
en t i  r e  temperature range, t h e  'i r r a d i  a ted  shear s t r e n c j t h  i s  e i t h e r  cqual 
& 
f t o  o r  1 ess than t.he non-i r r a t l i  a t ed  s t r e n g t h  average ( F i  y e  59). As w i  t l ~  
t he  shear modulus ( F i g .  471, t h e  i r r a d i a t e d  d a t a  a r e  r ough l y  equal LO 
t h e  n o n - i r r a d i a t e d  dnla a t  -250°F (116K) arid drops t o  a 32 pe rcen t  
decrease a t  t h e  e l eva ted  temperature. For  t h e  i r r a d i a t e d  m a t e r i a l ,  a 
drop o f  22 pe r cen t  i s  no ted  a t  t h e  low temperature, and a drop of 56 
pe r cen t  i s  no ted  a t  +250°F (39410, irs compared t o  room temperature 
data. Th is  i s  i n  a d d i t i o n  t o  n 7 pe r cen t  decrease i n  shear  s t r e n g t h  o f  
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.Ef fect  o f  R a d i a t i o n  on t h e  M a t r i x  M a t e r i a l  
---_)- 
The p rev i ous  s e c t i o n  p resen ted  r e s u l t s  i 1 l u s t r a t i n g  t h a t  e l e c t r o n  
l r r a d i  a t i  on adverse ly  e f f e c t s  t h e  mechanical  p r o p e r t i  es o f  a  g r a p h i t e -  
epoxy comyosi te.  Now if, i s  i m p o r t a n t  t o  deterrni  ne  why t h i s  has occur -  
red. L i t e r a t u r e  i n d i c a t e s  t h a t  i o n i r i s g  e l e c t r o n  r a d i a t i o n  d l  t e r s  tlie 
polymer m a t r i x  m i t e r i  a1 by a1 ti.imi ng t h e  chemical  hondi ng w i t h i n  t h e  
polymer. S tud i  es have s h w n  t h a t  el e c t r o n  r a d i  a t i  on degrades po l y~ne rs  
by changing t h e  c r o s s l i n k i n g  and s c i s s i o n i n g  mo lecu la r  cha ins  w i t h i n  t h e  
r~lacromolecules of t h e  po lymcr  C493. The n e x t  s t e p  o f  t h i s  study, t h e r e  
f o r e ,  has been t o  de te rmine  whether o r  n o t  t h e  epoxy m a t r i x  used i n  t h j s  
1 s tudy  hos been a1 t e r e d  and t o  what degree. Severa l  techniques have been 
1 einplayed and t h e i  r r e s u l t s  a r e  d iscussed  below. 
rL 
a/ 4.2.1 Ljjtiami c - ~ M e c ~ ~ c a l  ResulJ~  
T i le  d a t a  presen ted  i n  F ig .  63 i s  a p l o t  of ddmping versus tm?l!p?r*a- 
t u r e  f o r  b o t h  t h e  non- i  r r a d i  a t e d  and i r r a d i  a i e d  IIMA speci~nens 
(sec t  i o n  2.2.2) .  A decrease i f 1  t h e  4 1 a s s - t r a ~ s i  t i o n  t n p e r a t u r e  ( T  ), 9 
f o r  t i l e  i r r a d i a t e d  sample, f rom 41U°F (11U3K) t o  3(JU°F (422K) i s  immcdi - 
a t e l y  apparent. I n  a d d i t i o n  t o  t h i s  l l U ° F  (6J.K) drop i n  t h c  g lass -  
t r a n s i  t ' lon tea~pera tu re ,  t h e  peak has i nc reased  i n  h e i g h t  2nd s h i f t e d  t o  
c i ~ r e a s c  i n  t h e  g l a s s - i r a n s i  t i o n  ta1igeratu1-e o f  t h e  upoxy polymer. 
t h e  l e f t ,  Such d s h i f t  i n d i c a t e s  a decrease i n  f h c  average mo lecu la r  
,+, I 
I 
w e i g h t  of t h e  po lyr ier ,  as i v r ? l l  as  a decrease i n  c r o s s l i n k  d e n s i t y  
C26:I. I t  appears t h d t  i r r a d i  a f i n g  t l , ~  qraph i  te-epoxy decre( iser b c t h  1 t; 
average niol ecul a r  wei yht: and cross1 i iik densi t y ,  1 eadi ny t o  a s i i b s t an t i  a! 

Fig.  64 i s  a p l o t  o f  dynamic Young's modulus as d f u n c t i o n  o f  
11 t empera tu re  f o r  t h e  same C0I4 iai i i inates. The dyna~! l ic modulus o f  t i l e  
\ 11 ;, " : 
\ \  : non- i  r r a d i  a t 4  ~ n a t c r i  a1 begins t o  decrease a t  3!iU°F (450K) .  The dynamic 
/ 
I 
modulus of t h e  i r r a d i a t e d  m a t e r i a l  begins t o  decrease s t  2bU°F (3'14K). 
I Th is  i s  a  100°F (b6K j change. The i r r a d i a t e d  ~ n d t e r i a l  l o ses  i t s  s t i f f -  
! .  ness a t  a  lower  tempera tu re  thpn t h e  non-i  r r a d i a t e d  m a t e r i a l .  t 
I E x p e r i ~ ~ i e n t a l  r e s u l  t s  f o r  non-i  r r a d i  a ted  and  i r r a d i  a t ed  [9UI4 UMA 1 
specimens a r e  shown i n  F igs.  65 and 66. Trends s i m i l a r  t o  t hose  no ted  
* i 
f f o r  t h e  lamina tes  a r e  no ted  he re  f o r  b o t h  damping versus tempera- 
/ t u r e  and dynami c  modulus versus tmpe t *a t t ! r e  f o r  t h e  C90I4 1 ami nates. 
, *  
The b road  peak p resen t  i n  t h e  damping p l o t  (F ig .  6!$' $or  t h e  I t - r n d i n t e d  
m a t e r i a l  i s  an i n d i c a t i o l l  t h a t  a l a r g e  d l s t r j  b u t i o n  of no1 ecu la r  r e i  yh t s  
i s  p r e s e n t  I n  t h e  po lymer C261. I r r a d i a t i n g  t h e  graphi  te-epoxy cornpas- 
i t e  s o t  o n l y  produces a decrease i n  average mo lecc l a r  we igh t ,  t h e  d i  s- i t r i  b u t i o n  of' these  h e i g h t s  .is increased,  I I 
i 4.2.2 Thermoaech_a,"Lcal R c r ; u m  
I The da ta  show11 i n  F ig .  57 was i i roducwl  i r o i n  thcrmo~oechart ical  ana ly -  
1 
I s i  s  (TMA) o f  bo th  non- i  r r a d i  a ted  and i r r d d i  a ted  ~ n a t e r i  d l .  Fo r  t h e  non- 
I 
i r r a d i a t e d  laminate,  t h e  p robe  bey ins  p e n t t r a t i  ng  i n t o  t h e  c c l ~ ~ p o s i  l e a t  
325°F (43610 i n d i c a t i n g  t h a t  t h e  epoxy begins t o  so f t en  a t  t h i s  tn l l pe ra -  
tu re .  Fo r  t h e  i r r a d i a t e d  lami na le ,  t h e  vrei yliLed prol:e b ~ g i  ns p e n c t r 2 t -  
i n g  i n t o  t h e  co11ipo;i t r  a t  175°F ( 3 5 Z l i ) .  This  represen ts  a decrease of 
. .. 
150OF (84K) i n  t h e  s o f t e n i n g  t(niprraturi? of t h e  cpoxy r es i n .  
1 
, However, t h e  m 3 r t  s u r p r i s i n g  r e s u l t s  occur  w h f o  t h e  i r r a d i a t e d  I 
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t h e  p robe  i s  pushed o u t  o f  t h e  g raph i  te-epoxy c o ~ ~ ~ p o s i  t e e  When t h e  7MA 
sample was v i s u a l l y  inspec ted ,  i t  was d i scove red  t h a t  t h e  l a m i n a t e  
I 
- I con ta ined  "bubbles"  wh ich  had caused delanti n a t i o n s  t h a t  had p u s h d  t h e  
t 
. + p robe  o u t  o f  t h e  sanipl e. A photograph o t  t hese  de larn inat ions i s  shown L 
I 
. i n  F ig .  68. Apparent ly ,  t h e  v o l a t i l e  low n o l e c ~ ~ l a r  we igh t  p roduc ts ,  I 
i produced by r a d i a t i o n ,  b o i l  o f f  a t  t h i s  temperature. Gas pockets  a r e  
i 
I fori l led Chat cause de larn i r la t ions as t h e  t rapped  gas expands. 
I 
i A sumrnary o f  r a d i a t i o n  induced changes, i n  t h e  epoxy r e s i n  o f  t h i s  
composi te  systecn, a r e  t a b u l a t e d  i n  Tab le  12. Resu l t s  f r om  dynamic- 
t 
i mechanical a n a l y s i s  (DMA) and thorrno~nechanical  a n a l y s i s  (1PIA) were used 
--- 1 
. ---- ,. I t o  comp i l e  t h i s  tab le .  
.. - 
f+ 
4.2.3 Deg rada t i on  --- Produc t  ---- rln2&?!; 
I f l e s u l t s  frorn dynamic-mecllanical a n a l y s i s  (!)MA) o f  i r r a d i d t e d  la ln i -  
I 
ndtes  i n d i c a t e s  a decrease i n  t h e  g l a s s - t r a n s {  t i o n  t e m i ~ e r a t u r e  ( T  ) by 
i 9 
110°F (blK). Kesul t s  f rolil tlicrrnornechar~i c a l  and l ys i  s ( T M l \ )  show t h a t  
i 
t v o l a t i  1  e produc ts  g a s i f y  upon h e a t i n g  t o  b l i s t e r  and delarninatc, t h e  
- ' L  
corrlposi te. Bzsed upon t hese  observat l 'ons, i t dppears t h a t  el ec t r on  
i r r a d i a t i o n  c h n ~ i i c a l l y  a l t e r ;  t h e  s t r u c t u r e  of t h e  epoxy t o  p r o v i d e  a 
' t - y  
1 
lower  g l a s s - t r a n s i  t . ion te t t iperature and t o  genera te  low b o i l i n g  p o i n t  
I degrada t ion  prmiucts .  J d e n t i f  i c a t i o n  of t hese  p roduc ts  war accompl r shed 
I-*- 
I by e x t r a c t i n g  t h m i  f r d m  t h e  i r r d d i a t e d  colllposi t e  i n a t e r i a l  arid then I- 
I c h a r a c t e r i z i r i g  Chcrll W i t h  i n f r a r e d  s p e c r o l o o ~ t r y  (IH) and mass spec- [ * 
b d  
t ro ine t ry  (MS) .  
. i7g 
. p6 
Ury r sda t i o : i  byprodur ts ,  produced liy i r r r ~ d i n t i o r t  arid rriedser.ed t ~ y  





Table of Radfatlan Iaducad Changes I n  Lhr. Palynerlc A a t r i x  
Beyinning o f  dropof f  
plas t ic  behavior  
t i o n  o f  these  spec ies i n d i c a t e s  t h a t  t h e  network s t r u c t r ~ r e  o f  t h e  epoxy 
I X1. r m a i  ns bas i  c a l  l y  i ntac?  f o l  1  owing i r r a d j  a t i  on. Itowever, sma l l  p a r t s  of 
1 1 
_ .  b 
- -  i t h e  epoxy a r e  separated froti1 t h e  lnain mo lecu la r  s t r u c t u r e  by c h a i n  
. - / 
s c i  sson and cross1 i nk breakage. These p roduc t s  a r e  genera l  l y  sola1 1 when 
! 
.- - 
, t colnpared t o  t h e  c r o s s l i n k e d  network. There a r e  a l s o  i n d i c a t i o n s  t h a t  
*- - : 
i 
1 %  
t h e  m a j v r i  ty of t hese  deg rada t i on  p roduc t s  come i rofn t h e  epoxy p rocess-  
i n g  add i  t i  ves and n o t  f r om  t h e  p r i a a r y  epoxy colnponenls (F ig .  69). 
4'/ : Resu l t s  f r o ~ n  t h e  DMA t e s t s  cao be exp la i ned  w i t h  t h i s  know1 edge. 
/'*, 
The f o rma t i on  of 104 mo1 e c v l a r  wei y h t  deg radd t i on  p roduc t s  p r o v i d e  a 
I 
i i I w i de  d i s t r i b u t i o n  o f  mo lecu ld r  spec ies  t h a t  a r e  a b l e  t o  absorb enerqy I 
I .  over  an extended tempera tu re  rar lge when compared t o  t h e  non-i i - I -adiated 
, 1 1  
;* m a t e r i a l .  A w ide r  Tg peak occurs  a t  n lower t m p c r a t u r c .  
, I  ( 
,' 
.-- f--' Low mo lecu la r  we igh t  p roduc t s  w i  I 1  d l s o  have a low b o i l i i l g  p o i n t .  
1 
. "!' 
.-. . A t  350'F (450K) t hese  byproducts  g a s i f y ,  thus  e x p l e i n i ~ l g  t h e  TNA 
. r e s u l t s .  
Mechanical  r e s u l t s  a r e  a l s o  ex l r ' a ined  by thers? r a d i a t i o n  degrads- 
i L i o n  products .  8 1  :ause they a r e  sma l l  r e l a t i v e  t o  the epoxy network 
i i 
I ' li s t r u c t u r e ,  these  p roduc ts  d c t  as ~ l a s t i c i z c r s  a t  lii g i ~  t l rnpera tu re r  ( t h u s  
,, / c 
I {% , i ~ i  l o w e r l n y  T ). Below rooin temperature,  t h ~ y  a c t  d s  a r ~ t i p l a r t i c i z e r s  a s  / 
,' 1, 9 
8 .  ii . they fil 1 t h e  f r e e  volume between l o n g  lno lecu la r  seglilerltr and " f r e e z e  
I ,  r i o u t "  t o  genera te  a " g l ass "  t h a t  e f f e c t i v e l y  mnbr9i t t l  es a r ~ d  s l l f f e n s  t h e  
li 
. u I - 
/ 7 nrat r i  x. 
i :+ 
1. ,/ 
r .  
4.2,4 Thermal C y c l i a l t c s u l  t s  
- -- 
The u p t i c a l  p;~otographr,  p reson tcd  i n  F i  q. 7 0  r c r e  t i l t e n  d u r i n g  t l~r  
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Uasel  i n e  
I r r a d i  a t c d  
500 thermal  c y c l e s  
I r r ~ d i  a t e d /  t h c r ~ l ~ a l l y  c y c l e d  
Therlnal l y  c y c l e d l i  r r a d i a t e d  
F i g .  '10. optical platogrdb)hs o f  Microcracking i nd l~ce0 by Therinal 
Cycl ing. 
ob ta i ned  by pho tograph ing  t h c  p re -po l  i s h d  edges sf t h e  [0/901,, 
I 
w .  
i T300/934 graphi  te-epoxy, 1 ami ndtc.  Each p i lo tograph I s  r e p r e ~ e n t a t i  ve  o f  
one o f  t h e  f i v e  exposure c o n d i t i o n s  e~nployed. 
The "as i s "  o r  b a s e l i n e  photograph (F ig .  7Ua) shows no . I nd i ca t i on  
' of m i  c r oc r i r c k i  ng, thus  assu r i ng  t h d t  no mi c r o c r a c k i  ng was present  b e f o r e  
., ' j I - I I / i I any o f  the f o l l o w i n g  exposures* 
;. 1 ,  F o l l o w i n g  a r a d i a t i o n  dose of 1.0 x 10" rads, i n s p e c t i o n  o f  t h e  
l a m i n d t e ' s  p o l i s h e d  edge revea led  no i n i c roc rack i  ng (Fig. 70b), Also ,  
/ 
/ I  f o r  t h e  l a m i n a t e  exposed t o  500 thermal  cycles (-25U°F (11610 t o  -+25U°F 
I 
i , :  (394K)), no mic roc racks  were observed (Fig. 70c). 
I y ,  
Iiowever, a  combinat ion o f  r a d i  a t i  on and ttrcrrnal cycli  rig (t25U°F ) 
produced t i r i  c rocracks,  The 1  ami rlate i n  Fig, 7'3d was f i r s t  t he r i na l l y  
c y c l e d  and then I r rad ia ted .  Microcr.aek.s, as shown, were yrescrr t  i n  some 
o f  t l i e  1aroir1,jt.e~ exposorl. The l a i i ~ i r i a t t l  i n  F i g ,  7Oc w s  f i r s t  I r r a d i a t e d  
, I  
i and then t h e r m d l l y  cyc led .  M ic roc racks  were p resen t  i n  a l l  t h e  l am i -  
na tes  expos cd. 
T h e  X-ray photograph snown I n  F i  y. 71a i s  f r o m  the l a m i n a t e  t h d t  
was f i r s t  i r r a d i a t e d  and then t he r i na l l y  cyc led.  The photograph -in F ig .  
71b i s  f roin t h e  l a i l l i na te  t h a t  wds f i r s t  t he r i l l a l l y  c y c l e d  and t hen  i r r a d -  
i a t e d .  A l d r q u  amount oF m i c roc rack i  r?g i s  ev i den t  i n  ho th  cascs, 
The area t o  t h e  l e f t  of t l l c  X-ray photograph i n  Fig. 7:a, wil lch 
docs n o t  corrtal'n inany m; crccrac l ts ,  was rriasketl d u r i  rig i I- rad i  ,iti on, Thi s 
area was covered hy an ~ l u m i r ~ u m  s t r i p  ~ q h i c t i  lleld ,he lami f ra te  t o  t h e  
i aluminum back -p l a t e  d u r i i l g  i t s  racli a t i o n  exposure. Ttluc;, t h i s  a rea  c!f 

i a1 o f  t h e  same laminate. This q u i t e  s t r o n g l y  i 1 lustr.ates t h a t  i r r d d i  - 
., 
ated graphi te-epoxy i s  suscept i  b l  c t o  m i  crocracl< i  ng, whereas non-1 r r a d i  - 
ated graphi te-epoxy i s  no t  ( f o r  t h e  [ O / Y O I S  l aminate)*  
4,3  Frac tu re  Surf aces of I rr-acdi a t 4  Cornposi Les 
Micrographs taken w i  t h  a scanning e lec t ron  nlicroscope (%El!) o f  t h e  
f r a c t ~ i r e  s u r f  aces of t he  .i r r a d i  ated lami nates comyz~*ed Lo t h e  non- 4 ' 
,/, i r r a d i a t e d  laminates a r e  presented i n  Figs. 72 through 77. Figs. 7% 
' 1 
through 74 were taken f rom the [1(114 laminates and F i g s .  75 through 7 7  
/ 
! 
/ were taken f ram t h e  [90j4 ldrilirratcs. Fig. 72 and Fig. 75 were taken a t  
' I a i i lagn i f i ca t ion  of 3 7 5 ~  and a l l  t h e  o thers  were ta!ten a t  3,400~~ I n  a l l  
microphotographs, t h e  column of  f sacture suvf aces on the  'left are  f ram 
r 
non-i  r r a d i  ated 1 a~ni r~ates,  and t h e  colurnn o f  f r a c t u r e  s~lr.fsccps on 'chf! 
r i  g i l t  a re  f r o ~ n  i r r a d i  atcd 1ahiinatc.s. The top  row were t e s t &  at. -25U°F 
(116K). Thc midd le  r30w were tes ted  at; room temperature, 80°F (3G4K). 
The bottom row were tes ted  a t  +25U°F (394X), 
L i t t l e  d i f f e r e n c e  i n  f l - i t c tu re  su r f  aces can b e  no ,d  a t  375x (F ig ,  
1 \ 
72 and Fig. 75). A t  t h i s  magn i f i ca t ion ,  t h e  f a f l u r e  surfaces are, f o r  
t i l e  n o s t  pa r t ,  very uniform. T?re on ly  d i f f e rences  present appear t o  be 
i n  t h e  f a i l u r e  pa t te rns  o f  t he  epoxy rna t r ixo  
The microphotographs presented i n  F igs .  73 and 76 were taken a t  
3,40Ux and focused on t h e  ~ n a t r i x .  D i f fe rences 'in niat l* ix f a i l u r e  pa t -  
' 1 t e rns  a r e  immediately apparent f o r  each of t h e  exposhre concit t ' rons,  A t  
i -25O0F ( l l b K ) ,  both  the  non-i r r d d i  a t &  and t h e  i r r d d ~  a t e d  1 am1 nates 
exh ib i t ,  b r i t t l e  t a i l u r e  i n  t h e i r  cpaxy r~ ia t r i ces .  Bri t t l c  cleavagr~ 
,. BCB 
, " pi 
,-3 planes a re  notcd f o r  bo th  exposure condi t ions.  The cleavage planes i n  
I 
fb 
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-. ' !- F f  y. 77.  Elcr.trwon Nic:*oqr.dp?~s of the F~.dc?.ufe Surf aces o f  the 
I. [9,0]4 1.dnirnatcr Cortce:~tt.dt.ing cn t ht* F i b e r s  (3,4U13x). 
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.. stress is known not to influence plastic flow. The stress-strain curves
for the [90] 4 laminates would semn to indicate this type behavior (Fig.
35), At high t_nperatures, the irradiated composite produces a more
plastic failure and a lower modulus of elasticity than the non-irradi-
ated material. In general, at +250°F (394K), radiation tends to greatly
increase the plastic behavior of the epoxy resin matrix resulting in a
more pliable matrix and a more plastic failure mode than that exhibited
by the non-irradiated laminaLp
: The photographs presented in Fig. 74 and Fig. 77 were also taker, ati
,_ 3,4(JOx, but focused in on the fibers. Graphite fibers tend to "charge"
under the electron beam, making observation slightly difficult, The
.....--._ fibers tend to "white-out" in the photographs due to this pllenomenon.
Inspection of the fibers, in all phetographs, shows little difference as
; a functionof exposurecondition, In all cases, tilefibers remain
I
:_ relatively inert. Therefore, it can be concluded that the majority of
_ radiation and temper'ature dependence of the fracture surfaces of this
> .-. graphite-epoxycompositeis due to the matrix and not the fibers. Tile
epoxy matrix is degradedby radiationand influencedby temperature
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I 5.1 Degr(ic/ati-on of t h e  i l ~ s ~ n d - > ~ - m ! ~ t i ~  Propc?rt ies o f  G raph i t e -  
, . 
--
I .  
E p ) , x e e  t o  E l  e c t r c n  Ir.t.adi a t i o n  
--1-_.--.1-- - 
. _ .. -. E l ec t r o r l  r a d i a t i o n  degrades t h e  i n - p l a n e  e l a s t i c  and s t r e n g t h  
p ropera t i  es ( t e n s i  1  e  and shear)  o f  t h e  y raph i  te-epoxy cons idered  i n  t h i s  
.- 
i n v e s t i g a t i o n .  Th is  d e g r a d a t i o r ~  i s  ~ ~ l o s t  t r o n g l y  exh i  b i  t c d  i n  m a t r i x -  
. t . '  , don1 n ~ t e d  1ami ndtes where i r r a d i  a t i  on has c l len i  c a l  l y  a1 t e r m  t h e  epoxy 
s t r u c t u r e  of t h e  ma t r i x .  'The i lr ipi n y i n g  e l  cc t rons  sever  a tomic borrds i n  
t h e  epoxy s t r u c t u r e ,  c a u s f ~ ~ y  f ragments of t i l e  ~ j o x y  t o  "breal. o f f  ". ' 
There r a d i a t i o n  dey rdda t i on  byproducts  a r e  yenera l  ly  smal l  when colnparcd 
', /-' t o  t b  c r o s s l i n k  network, and t h e  i letwork s t r u c t u r e  o f  t h e  epoxy r a t l a i n s  
b a s t c a l l y  i n t a c t .  
Tnnperaturs  c o n t r o l s  t h e  ltianner i n  which t h e  r a d i a t i o n  byproducts  
, 
I n f l u e n c e  the  inechani c a l  behav io r  of t hese  l a a i  nates. A t  e l  r v a t c d  
tmp f r . a t u res ,  t h e  i r r a d i  a i ~ d  epoxy .ynlaCf.i x becoines r o f  t and p l  i abl e; n n i j  
t h e  modular of c l a s t i c i  t y  a n d  u l  t i l n d t e  s t r eng th ,  o f  m d t r i x  do l i~ ina tpd  
_ l__i.----C 
l a n ~ i n n t c s .  decreases (F igs .  46 and 58). A t  t h i s  t w ~ ~ p e r a t u r a ,  l ower  
va lues of shedr t n ~ d ~ l u s  and sheer s t r e n g t h  a r e  a l s o  irpasul*r(i, whcri 
coropared t o   no,^-i r r a d i a t e d  l n a t e r i n i  ( F i g s .  4 7  afid Vi), The p l a s t i c  
beliavi o r  of t h e  epoxy r i ia t r i  x comes abotrt becausr the l o w  1:1o1 ccu l  cir 
weigh t  ~ ~ r o d ~ i c t r ,  j l ?tiuced d n r i  ng i r r a d i a t i o n ,  i n  t h c  prcsc!nce o t  a  
. . ' ; , . .  , / ;  / \ /  1 \ ,? ; , / ./' ,';'I. /I i k:'" . . .- 
J ... 
/ /---. 
. i I t' . 
,,./ ' . F 
r 
I f-'\ 




, " i p l a s t i c 1  t y  i s  p resen t  i n  s t r e s s - s t r a i n  behav io r  a t  t h e  e l  e v a t d  tempera- 
I 
J-J ! t u r e  (Figs. 33, 34, and 35). 
I : 
I , ,  A t  ta i l pe ra tu res  below I-oonl tanpera tu re ,  t h e  epoxy r e s i n  becomes 
- +:-,- 
/'. s t i f f e r  and more b r i t t l e  f o l l o w i n g  i r r a d i  a t ior i ,  The inodulus o f  e l a s t i c -  
( t y  o f  matr ix -dominated laminates inc reases ,  w h i l e  t h e  ill t i i n a t e  s t r e n g t h  
i s  decriaased (Figs. 46 and 511). I l r cause  they a r e  sma l l  r e l a t i v e  t o  t h e  
epoxy network s t r u c t u r e ,  t h e  low n ~ o l  ecu l a r  we igh t  r a d i a t i o n  byproducts  
f i  11 t h e  f r e e  volume between l o n g  rno lecu lnr  segments and " f r e e z e  o u t "  a t  
1 l ow temperatures. A " g l ass "  i s  generated t h a t  e f f e c t i v e l y  embri t t l e s  
and s t i f f e n s  t h e  cpoxy m a t r i x  r e s u l t i n g  i n  lower  s t r e n g t l ~ s  and h i ghe r  
~nodu lus  i n  niintri x dori l inated laminates.  
*, 
r i  Small b u t  raeasurabl e  ef f cc t s  o f  i r r d d i  a t i  on a r e  a1 so  noted  f n t h e  
* \ ;.'. ; . 
." , . P f i be r - dom ina ted  CUI4 l am ina te .  S t r e n g t h  i s  decri?ased s l ! g h t l y  a t  h l g h  
. 
i . - te inperaturcs, a l though  unc l~angcd a t  dntf below room tn~i;.>t?rdture; t h e  
modulus of e l a s t i c i t y  ( E l )  i s  i n c r e a s e d  sl(ghCly over  t h e  en t i i - e  tenper-, 
a t u r e  rallc:? (F igs .  43 and 55). 
E 1 e c t . m  i I - r a d i n t i o n  ac t s  t o  reduce r e s i d u a l  s t r esses  i n  t h e  epoxy 
m a t r i x  o f  t h e  composi te  b y  b reak i ng  sonie of t h e  bonds w i t h i n  t h e  epoxy 
/ s t r u c t u r e .  Lower r e s i d u a l  s t v e r s e s  r e s u l t  i n  s t r a i  g h t c r  f i b e r s  g i v i n g  
. . t h e  i r r a d i  a t e d  ~ n a t c r i  a1 a h i  g h r r  ivodulus than the non- i  r r a d i  d t c d  matel--.  
i n l .  The inc reased  p l n s t i c i  ty o f  t h e  i r r a d i a t e d  epoxy a t  h i g h  tanyera-  
, ' 
t u r ~ s  ( l e c r e a s r ~  t h e  l i l a t r i x ' s  d b i  l i t y  t,o l r d : l t f ~ r  l o a d  a t  f i b e r  breaks, 
I 
I 
I resul t ing i n  decreased s t r eng th .  i 
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, ' I 5.2 Degradat ion o f  t h e  Epo* Resin Due t o  --- E l e c t r o n  i r r a d i a t i o n  
,I . [ 
, ?, The i r r a d i  a ted  epoxy r o s i n  becorier e x t r n i e l y  p l a s t i c  a t  e l  evated 
3 ., 
! 
ternnperatur'es and very  b r i t t l e  a t  low ti*psr*a tures. These changes have 
, ! *  .
' ,' 8 ' 
I .  - , been a t t r i  b l ~ t e d  t o  t h e  low-mol ecul  a r -we i  g h t  deg rada t i  011 p roduc ts  t h a t  
.*;- I '  
I 
I a r e  generated w i  th i r i  t h e  epoxy when i t i s  cxposed t o  e l  w t r o n  r a d i a t i o n .  
8 ..-I 
. -  ' 1  
! *  
1 
- ;,A Dynamic-mecllanica! a n a l y s i s  ( M A )  r e r u l  t s  sliow t h a t  a  1  a rge  d i r t r l -  
**  ,. 
I I 
, i 
b u t i o n  of mo lecu la r  we igh ts  a r e  p resen t  i n  i r r a d i a t e d  lamina tes ,  arid I 
t h a t  t h e r e  degrada t ion  byproducts  lower  t h e  g l  a s s - t r a n s i  Cion t e ~ l y  c r a t u r e  
I (Tg)  o f  t h e  epoxy r e s i n  (F ig .  6 3 ) .  A l owe r  g l a s s - t r a n s i t i o n  t c l i l pe ra tu re  
. - j i n  an epoxy i n d d i a t e s  t h n t  t h e  epoxy w i l l  l o s e  i t s  c r . y s t a l l i n i  t y  a t  2 
I 
i 
, l ower  temperature. I n  o t h e r  words, t h e  e ~ o x y  becomes inore p l a s t i c  a t  I 
/ *  
/ . I  l owe r  tanpera tu res ,  thus suppo r t i ng  t i l e  r e s u l  t s  no ted  d u r i n g  inecha i~ ica l  / 1 :  
e ' (-.' t e s t i n g .  Thermornechdni c a l  ana l ys l  s ( T H A I  r e s u l  t n  i nc i i ca te  t h a t  when t h e  
' 
. ,  i r r a d i a t e d  m a t e r i a l  i s  heated, these  low mol e c u l d r  wei y h t  degrada t ion  i I' I 
produc ts  vapor ize,  caus ing  t h e  lan l i r l a te  t o  b l i s t e r  and de la ln lnd te  (F ig.  
I 
I' 1 67). This  i n d i c a t e s  t h a t  these  byproducts  a r e  indued  s lna l l  when com- 
I 
/ 1 pa red  t o  t h e  epoxy network s t r u c t u r e ,  ~2nd a r e  a b l e  t ,  p l a s t i c i z e  t h e  
I 
, , 
I ,  epoxy a t  h i gh  t ~ ~ i p e r d t u r e ~  a n i  e m b r i t t l e  i t  nt ,  low tnnpcra tu res .  
I 
/' /: ! Ana l ys i s  dnd c h a r a c t e r i  z d t i  on of t h e  r o d i  a t i  un byproducts ,  by 
. f , 
I / 
, I I n f r a r e d  Spcct rophotometry  ( I f 0  and Mass Spectromet~*.y (t>IS), r evea l s  t h a t  
,f' 
I' ; 4'. t h e  i r r a d i a t c d  lamina tes  have a  s i g n i f i c a n t  qudn t i  t y  o f  Lbesa low in01 ac- 
4 ;  - u l  a r  wei y h t  p roduc t s  t rapped  w i  t h i n .  The network  s t ~ * u c t t i r r  o f  t h e  p i~oxy  
' i , /  I 
, I  i I ‘W~I~S basicd1l.y i n t a c t .  However, sn la l l  p a r t s  of' t l i e  cpohy have  besn 
; //.! separated fiSoin t i l e  main foo lecu la r  s t r u c t u r e  by c h r i r l  r c i s s o n  6r1d cross-. 
' I 
L . 
.,/. 1 : , ; l i n k  hredkage. I n d i c s t i o n s  n r e  t h a t  t h e  rna jor i  tg of tliese der) i -addt iun 
p r o d u ~ t s  a r e  generated f r om  t h e  epoxy proccessi i ig addi  t i  vt.2 611d no t  f r c m  
i ,- 
t h e  ~ r i ~ n a r ~ t  epoxy co~nponents, I f  t hcsc  process? ng a d d i t i v e s  c o ~ ~ l d  be  
,i I rep laced  o r  remov t i ,  t h e  r a d i a t i o n  r e s i s t a n c e  o f  t h e  epoxy m igh t  b e  
, /  
/ I 
IS I 
...L - - . / 
! ! ,  
i ' /  
t h e  m a t r i  x  f a i  1s by d i f f  e r c n t   nodes t h a t  d r e  dejjende:l t on Lt;e r a d i a t i o n  
and tempera tu re  rmploy bd, thus i n d i c a t i n g  chaiiges i !~ t h e  m a t r i x  rnater- 
i a l .  M i c roscop i c  exalr,! n a t i o n  of the  f 'i her's, on the o t h e r  hand, r e v e a l s  
, improved. 
5.3 A n a l y s i s  o f  Fa1 l u r e  Sur f  dccs 
-.-- 
m a t r i x .  The c leavage  p lsr ies i n  t h e  i r rad i a tec l  l k~ r i - i na te  a r e  s l na l l e r  and 
r;iore numerous thar? t hose  observed i n  t h c  non-i  r r a d l  a t c d  1 am! nate, t n d i  . 
c a t i n q  a riiorc b r i t t l e  fracture. 
Mechanical  r e s u l t s ,  e s p e c i a l l y  t h e  s t r e s s - s t r a ' i n  cursves, e x h i b i t  
, 
s i g r ~ i f i c a n t  n o n - l i ~ ~ e a r i t g  a t  c leva te t f  t c i ~ ~ , ~ e r a t i ~ r e s .  I n s p e c t i o n  o f  t h e  
t h a t  tl-!ey re~ i la i  11 
; / ,  
. , 
I .  
I n s p e c t i o n  of t h e  f r a c t u r e  su r f  aces OF t h e  non-i  r i . ad ia ted  and 
,' / 8 
I i r r a d i  a t ed  1  aa i  nates, wi  t h  t h e  a i d  o f  scanni  rrg e l  ec t r on  ~ n i  croscope 
(SEN), shows d i f f e rences  i n  f a i l u r e  due t o  r a d i a t i o n  and tem?era tu re  
exposure. 
' , A t  low tanpera tu res ,  where mecl~ani c a l  r e s u l t s  i n d i c a t e  b r i t t l e  
behavior ,  b r i  t t l  e c l  eawaje p lanes  a r e  observed i n  t h e  f a i  1  ed epoxy 
/ 
i her -mat r i  x  i n t c r f  
; r epoxy m a t r i x  a t  h i g h  m y n i f  i c o t i o r i s  shows t h a t  la rc je  amounts o f  p l a s t i c  
ace does 
t 
de fo rma t i on  a r e  present .  
The e x p c r i ~ n c n t a l  r e s u l  t s  produced i n etli s  i n v e s t i  gat1 on i n t f i  c a t e  
t h a t  t h e  r a d i a t i o n  induced deyr-adat ion i s  d u e  p r i ~ r i a r i  l y  t o  charlges i n  
t h e  epoxy r es i n .  l i f ic roscopi  c exami r ~ a t i u n  o f  t h f s e  lamirrates shows t h a t  

i 
' ,  
, VI. SUMHAilY 
0 
The F o l l o w i n g  i s  a sumindry o f  t h e  conc! t~s inns drawn f rom t h e  
r e s u l t s  of t h i s  i n v e s t i g a t i o n  i n t o  t h e  ef f  rcts o f  t h e  space envi r o n m ~ i l t  
I 
on graphi te-epoxy composite matc~*.ials. I t  shou ld  be n o ' c ~ l  h e ~ e  chat I. 
, .  ! t h e s e  t e s t s  were per.formetl under  g r e a t l y  accel  e r a t c d  condi t i o n s :  a 
I I 
cornposi Ce s t r u c t u r e  lnay be i n f l u e n c e d  t o  a g r e a t e r  o r  1 esser degree 
, d u r i n g  a 10 t o  20 y e a r  s e r v i c e  l i f e .  
i )  E l e c t r o n  r a d i a t i o n  a c t s  t o  degrade i n - p l d n e  e l a s t i c  and 
, 
s t r e n g t h  p r o p e r t i e s  ( t o o s i l c  and shear)  o f  T30U/Y34 graph i te -  
I 
F , ,  I  epoxy composi te, 
. ,  
I 
a! Th is   adid id ti on-induced deyrada t io r !  i s  most ev ident  C G ~  
.,' 
T" m a t r i  x-.domi na t cd  p r o p e r t i  es. 
h )  Tcmperaturc controls t he  nianncr i n  which the  r a d i a t i o n  
i nf luenccrs the ~nm:harri c a l  hehavi or.  Ileyradntion i s  severe  
a t  b o t h  h igh  and low teinperatutSes. 
2)  The e l e c t r o n  r a d i a t i o n  degrada t ion  i s  p reser l t  luo t o  law-  
1 
molecu la r -  we igh t  p roduc ts  yenerated d u r i n g  i r r a d i  a t i a n .  
a)  Thcie r a d i  a t i o n - i  oduccd byj)rccilicts p l  a s t i  c i  r e  ihs epoxy 
m a t r i x  a t  h i g h  temperatures, and e n b r i t t l e  i t  a t  low ten\- 
p e r d t ~ l r e s .  
b )  The degr.adat ion p r o d u c t s  lovic?r the g l  zss- t r a n s i  t i u n  tcni- 
per -a ture  ( I  j o f  the  epoxy. Y 
6 ' 
c )  The dey rada t i  on pratlucts va l j o r i ze  arid cause  delzrni n a t i  ans 
a t  el cvated twnpei'ature; f abovc 350°F (4SUt;) j. 
' /'-- I 
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